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9DGRVH=RQH-RXUQDO
6SHFLDO,VVXHRQµ+\GURORJLFDO2EVHUYDWRULHV¶

612.$567 D )UHQFK QHWZRUN RI REVHUYDWRULHV IRU WKHPXOWLGLVFLSOLQDU\ VWXG\ RI FULWLFDO ]RQH
SURFHVVHVLQNDUVWZDWHUVKHGVDQGDTXLIHUV


$XWKRUVDQGDIILOLDWLRQV


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HWOHVVROV0(7,6)3DULV)UDQFH
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
&RUHLGHDV
612.$567LVDORQJWHUPFULWLFDO]RQHREVHUYDWRU\GHVLJQHGIRUDEHWWHUXQGHUVWDQGLQJRIIORZ
DQGWUDQVSRUWLQNDUVWDTXLIHUVDQGZDWHUVKHGVYLDDPXOWLGLVFLSOLQDU\DSSURDFK
&RPSOHPHQWDU\PHDVXUHPHQWV RI K\GURG\QDPLFV DVZHOO DV SK\VLFRFKHPLFDO DQG JHRFKHPLFDO
YDULDEOHV DUH SHUIRUPHG LQ WKH YDULRXV FRPSDUWPHQWV HSLNDUVW YDGRVH ]RQH VDWXUDWHG ]RQH DQG
RXWOHWV RI NDUVW V\VWHPV ORFDWHG LQ D YDULHW\ RI FOLPDWLF JHRORJLF JHRPRUSKRORJLF DQG
SK\VLRJUDSKLFFRQWH[WV
 3URFHVV VDPSOLQJ ZDV VHW XS RYHU WHQ GLIIHUHQW VLWHV ZLWK FRQWLQXRXV PRQLWRULQJ RI YDULRXV
YDULDEOHVIRUWLPHVFDOHVUDQJLQJIURPWHQWRRYHUILIW\\HDUVRQVRPHVLWHV
1HZ WRROVDQGQHZ ILQGLQJVZHUHDFTXLUHG WKDQNV WR WKHFRPSOHPHQWDULW\RIJDWKHUHGGDWDDQG
FRQGXFWHGH[SHULPHQWVRQWKHLQGLYLGXDOVLWHVRI612.$567
.H\ZRUGVNDUVWK\GURJHRORJ\K\GURG\QDPLFVK\GURFKHPLVWU\ORQJWHUPPRQLWRULQJ

$EVWUDFW
.DUVWDTXLIHUVDQGZDWHUVKHGV UHSUHVHQWDPDMRUVRXUFHRIGULQNLQJZDWHUDURXQGWKHZRUOG7KH\
DUH DOVR NQRZQ DV FRPSOH[ DQG RIWHQ KLJKO\ YXOQHUDEOH K\GURV\VWHPV GXH WR VWURQJ VXUIDFH
JURXQGZDWHULQWHUDFWLRQV,PSURYLQJWKHXQGHUVWDQGLQJRINDUVWIXQFWLRQLQJLVWKXVDPDMRULVVXHIRU
DQ HIILFLHQWPDQDJHPHQW RI NDUVW JURXQGZDWHU UHVRXUFHV $ FRPSUHKHQVLYH XQGHUVWDQGLQJ RI WKH
YDULRXV SURFHVVHV FDQ EH DFKLHYHG RQO\ E\ VWXG\LQJ NDUVW V\VWHPV RYHU D ZLGH UDQJH RI VSDWLR
WHPSRUDOVFDOHVXQGHUGLIIHUHQWJHRORJLFDOJHRPRUSKRORJLFDOFOLPDWLFDQGVRLOFRYHUVHWWLQJV
7KH REMHFWLYH RI WKH )UHQFK .DUVW 1DWLRQDO 2EVHUYDWRU\ 6HUYLFH 612 .DUVW LV WR VXSSO\ WKH
LQWHUQDWLRQDO VFLHQWLILF FRPPXQLW\ ZLWK DSSURSULDWH GDWD DQG WRROV ZLWK WKH DPELWLRQ RI L
IDFLOLWDWLQJWKHFROOHFWLRQRIORQJWHUPREVHUYDWLRQVRIK\GURJHRFKHPLFDOYDULDEOHVLQNDUVWDQGLL
SURPRWLQJNQRZOHGJHVKDULQJDQGGHYHORSLQJFURVVGLVFLSOLQDU\UHVHDUFKRQNDUVW
7KHSUHVHQWSDSHUSURYLGHVDQRYHUYLHZRIWKHPRQLWRULQJVLWHVDQGRIFROOHFWLYHDFKLHYHPHQWVVXFK
DV WKH .DUVW0RG PRGXODU PRGHOOLQJ SODWIRUP DQG WKH 3D35,.D WRROER[ ,W DOVR SUHVHQWV WKH
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
UHVHDUFKTXHVWLRQVDGGUHVVHGZLWKLQWKHIUDPHZRUNRI612.DUVWDORQJZLWKPDMRUUHVHDUFKUHVXOWV
UHJDUGLQJ L WKH K\GURORJLFDO UHVSRQVH RI NDUVW WR FOLPDWH DQG DQWKURSRJHQLF FKDQJHV LL WKH
LQIOXHQFH RI NDUVW RQ JHRFKHPLFDO EDODQFH RI ZDWHUVKHGV LQ WKH FULWLFDO ]RQH DQG LLL WKH
UHODWLRQVKLSVEHWZHHQWKHVWUXFWXUHDQGK\GURORJLFDOIXQFWLRQLQJRINDUVWDTXLIHUVDQGZDWHUVKHGV
,QWURGXFWLRQ
.DUVWLILHG FDUERQDWH IRUPDWLRQV FRQWDLQ  RI WKH ZRUOG
V ZDWHU UHVRXUFHV 7KH\ FRYHU D YHU\
ODUJH H[WHQW RI WKH FRQWLQHQWDO VXUIDFH  RI WKH JOREDO FRQWLQHQWDO VXUIDFH  WR  LQ WKH
0HGLWHUUDQHDQDUHDRIWKH(XURSHDQODQGDQGLQ)UDQFH&KHQHWDO,QFDUERQDWH
NDUVWK\GURV\VWHPVWKHSUHVHQFHRIIUDFWXUHVFRQGXLWVDQGVXUIDFHVROXWLRQIHDWXUHVOHDGVWRVWURQJ
VXUIDFHVXEVXUIDFH LQWHUDFWLRQV WKDW UHVXOW LQ VLJQLILFDQW ZDWHU PDVV HQHUJ\ DQG FRQWDPLQDQW
WUDQVSRUWZLWKLQ WKHFULWLFDO ]RQH6XFKKHWHURJHQHRXV V\VWHPVDUHKLJKO\G\QDPLFZLWKFRPSOH[
K\GURORJLFJHRFKHPLFDODQGELRORJLFDOSURFHVVHVRFFXUULQJRYHUDZLGHUDQJHRIVSDWLRWHPSRUDO
VFDOHV $V D UHVXOW WKH\ XVXDOO\ H[KLELW VWURQJO\ QRQOLQHDU UHVSRQVHV WR H[WHUQDO IRUFLQJV
&KDUDFWHUL]LQJPRGHOOLQJUHPHGLDWLQJDQGPDQDJLQJJURXQGZDWHUUHVRXUFHVLQVXFKK\GURV\VWHPV
LV WKHUHIRUHDSDUWLFXODUO\GLIILFXOW WDVN6SHFLILFFKDOOHQJHVDULVH IURPWKH ODFNRINQRZOHGJHDQG
WHFKQRORJLHV QHHGHG WR LQWHJUDWH KHWHURJHQHRXV SURFHVVHV DQG SDWKZD\V DFURVV WKH VXUIDFH DQG
HSLNDUVWWRZDUGVWKHYDGRVHDQGVDWXUDWHG]RQHVDQGWRDGGUHVVWKHK\GURORJLFDQGELRJHRFKHPLFDO
UHVSRQVHVRIWKHVHV\VWHPVWRVKRUWDQGORQJWHUPFOLPDWHDQGHQYLURQPHQWDOFKDQJHV$YDULHW\RI
FRPSOHPHQWDU\ DSSURDFKHV DUH QHHGHG WR XQGHUVWDQG DQG SUHGLFW WKH K\GURORJLFDO EHKDYLRXU RI
NDUVW K\GURV\VWHPV 0XOWLGLVFLSOLQDU\ DSSURDFKHV XVLQJ FRQFHSWV DQG PHWKRGV IURP VXUIDFH
K\GURORJ\ K\GURJHRORJ\ JHRFKHPLVWU\ DQG JHRSK\VLFV DUH WKXV UHTXLUHG WR DFKLHYH D
FRPSUHKHQVLYHFKDUDFWHUL]DWLRQRIWKHVSDWLRWHPSRUDOYDULDELOLW\RINDUVWK\GURV\VWHPV
7KH )UHQFK .DUVW 1DWLRQDO 2EVHUYDWRU\ 6HUYLFH 612 .$567 ZDV FUHDWHG E\ WKH 1DWLRQDO
,QVWLWXWHIRU(DUWK6FLHQFHVDQG$VWURQRP\,QVWLWXW1DWLRQDOGHV6FLHQFHVGHO¶8QLYHUV,168RI
WKH )UHQFK 1DWLRQDO 5HVHDUFK &RXQFLO &HQWUH 1DWLRQDO SRXU OD 5HFKHUFKH 6FLHQWLILTXH &156
ZLWKWKHSXUSRVHRIHVWDEOLVKLQJDQDSSURSULDWHWRROIRUWKHVWXG\RINDUVWDTXLIHUVDQGZDWHUVKHGV
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
7KLV LV DFKLHYHG WKURXJK WKH V\QHUJ\RI VHYHUDO UHJLRQDOREVHUYDWRULHV DOO RYHU)UDQFH7KHPDLQ
REMHFWLYH LV WR DFTXLUH K\GURORJLFDO DQG SK\VLFRFKHPLFDO GDWD E\ PHDQV RI KLJK IUHTXHQF\
PRQLWRULQJXVLQJFRPPRQVWDQGDUGVDQGSURFHGXUHVGDWDFRUSXVQRUHVDPSOLQJRIUDZGDWDHWF
DQGPDNHWKHPDYDLODEOHWRWKHLQWHUQDWLRQDOVFLHQWLILFFRPPXQLW\
7KH YDULRXV REVHUYDWRULHV RI 612 .$567 DUH ORFDWHG LQ GLIIHUHQW SK\VLRJUDSKLF DQG FOLPDWLF
FRQWH[WVVHH)LJ0HGLWHUUDQHDQ0RXQWDLQRXV3\UHQHHV-XUD2FHDQLF:HVWDQG1RUWK:HVW
QHDUWKH$WODQWLFDQG&RQWLQHQWDOUHJLRQV7KH612.DUVWQHWZRUNLVWKHUHIRUHUHSUHVHQWDWLYHRID
ODUJH GLYHUVLW\ RI HQYLURQPHQWDO VHWWLQJV DOORZLQJ WKH GHYHORSPHQW RI FRPSDUDWLYH UHVHDUFK
SURMHFWV
'XH WR WKH FRPSOH[LW\ RI NDUVW K\GURV\VWHPV WKH DVVHVVPHQW RI WKHLU K\GURJHRORJLFDO SURSHUWLHV
UHTXLUHV VSHFLILF PRGHOV DQG DSSURDFKHV 7KH HPSKDVLV LV SXW RQ WKH PRGHOOLQJ RI
K\GURJHRFKHPLFDO IOX[HV ZLWKLQ DQG DW WKH RXWOHWV RI NDUVW K\GURV\VWHPV DQG WKH UHODWLRQVKLSV
EHWZHHQJOREDOFKDQJHDQGWKHSK\VLFRFKHPLFDOFRPSRVLWLRQRIZDWHUDWWKHLQWHUIDFHEHWZHHQWKH
K\GURORJLF DQG K\GURJHRORJLF FRPSDUWPHQWV 3DUWLFXODU DWWHQWLRQ LV SDLG WR WKH GDWDPRGHO
UHODWLRQVKLS VR DV WR EHWWHU XQGHUVWDQG WKH SK\VLFV DQG FKHPLVWU\ RI WKHPHGLXP DQG WR HQKDQFH
PRGHOOLQJFDSDFLW\LQUHSURGXFLQJYDULDWLRQVRIZDWHUDQGPDWWHUIOX[HV&DUERQDWHURFNVWKDWKRVW
NDUVW V\VWHPV DUH HPLQHQWO\ SURQH WR HURVLRQ DQG ZHDWKHULQJ WZR SURFHVVHV WKDW DUH KLJKO\
GHSHQGHQW RQ WKH FOLPDWLF K\GURORJLF DQG PHWHRURORJLFDO UHJLPHV EXW DOVR RQ DQWKURSRJHQLF
DFWLYLWLHV LPSDFWLQJ WKH LQSXWV WR WKH NDUVW V\VWHP DQGRU WKH PDQDJHPHQW RI WKH ODQG FRYHU
&RQVHTXHQWO\ NDUVW V\VWHPV DUH PRUH VHQVLWLYH WR HQYLURQPHQWDO FKDQJHV WKDQ PRVW RWKHU
K\GURV\VWHPV
7KH SUHVHQW SDSHU GHVFULEHV WKH VWUXFWXUH RI 612 .$567 DQG LWV ORFDO REVHUYDWRULHV WKH GDWD
DFTXLUHGDQGWKHUHVHDUFKTXHVWLRQVDGGUHVVHG7KHVHFRQFHUQPDLQO\LWKHK\GURORJLFDOUHVSRQVH
RI NDUVW WR FOLPDWH YDULDELOLW\ DQG DQWKURSRJHQLF FKDQJHV LL WKH LQIOXHQFH RI NDUVW RQ WKH
JHRFKHPLFDOPDVVEDODQFHRIZDWHUVKHGVZLWKLQWKHFULWLFDO]RQHDQGLLLWKHUHODWLRQVKLSVEHWZHHQ
WKH VWUXFWXUH DQG K\GURORJLFDO IXQFWLRQLQJ RI NDUVW DTXLIHUV DQG ZDWHUVKHGV 6HFWLRQ  JLYHV DQ
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
RYHUYLHZ RI WKH YDULRXV VLWHV DQG WKHLU FKDUDFWHULVWLFV 6HFWLRQ  SUHVHQWV WKH PDLQ UHVHDUFK
TXHVWLRQV DGGUHVVHG E\ 612 .$567 ([DPSOHV RI UHFHQW ILQGLQJV DFKLHYHG WKURXJK WKH 612
.$567QHWZRUNDUHSURYLGHGLQ6HFWLRQ6HFWLRQLVGHYRWHGWRFRQFOXVLRQVDQGSHUVSHFWLYHV

&DWFKPHQWSURSHUWLHVDQGPRQLWRUHGSDUDPHWHUV
612.$567 JDWKHUV REVHUYDWLRQ VLWHV ORFDWHGZLWKLQ YDULRXV UHJLRQV RI )UDQFH )LJ D DQG
VRPHWLPHVFRPSULVLQJPRUHWKDQRQHXQLTXHILHOGVLWH7KHFRUUHVSRQGLQJILHOGVLWHVDUHPDLQWDLQHG
DQGVXSSRUWHGE\UHVHDUFKWHDPVIURPGLIIHUHQWXQLYHUVLWLHVDQGLQVWLWXWHV)LJD
7KHVHVLWHVDUHORFDWHGLQDUHDVZLWKGLIIHUHQWFOLPDWLFJHRORJLFJHRPRUSKRORJLFDQGSK\VLRJUDSKLF
FRQWH[WV 7DEOH  6XFK GLYHUVLW\ EULQJV D KLJK DGGHG YDOXH LQ DVVHVVLQJ WKH LQIOXHQFH RI
PHWHRURORJLFDO DQG FOLPDWLF FRQGLWLRQV ODQG XVH JHRPRUSKRORJLFDO DQG JHRORJLFDO FRQGLWLRQV
VXUILFLDOFRYHUOLWKRORJ\WHFWRQLFVVSHOHRJHQHVLVRQWKHK\GURORJLFDOEHKDYLRXUDQGWKHWUDQVSRUW
RIPDVVDQGHQHUJ\LQNDUVWLFDTXLIHUVDQGZDWHUVKHGV)LJE
1RW RQO\ LV 612.$567 DPRQLWRULQJ QHWZRUN EXW DOVR D VFLHQWLILF FRPPXQLW\ZRUNLQJ RQ WKH
GHYHORSPHQWDQGVWDQGDUGL]DWLRQRIDSSURDFKHVWRROVPHWKRGVDQGFRQFHSWVEDVHGRQWKHUHVHDUFK
GHYHORSHG LQ WKH LQGLYLGXDO REVHUYDWLRQ VLWHV 7KH 612 PHPEHUV GHYHORS WRROV IRU WKH
FKDUDFWHUL]DWLRQDQGPRGHOOLQJRIWKHUHVSRQVHRIZDWHUUHVRXUFHVWRVKRUWPHGLXPDQGORQJWHUP
IRUFLQJV
7KH YDULRXV VLWHV DQG VXSSRUWLQJ WHDPVPD\ GHYHORS VSHFLILF UHVHDUFK TXHVWLRQV DQG DV D UHVXOW
GHSOR\VSHFLILFPRQLWRULQJSURFHGXUHVRUVXUYH\V+RZHYHUDFRPPRQPLQLPDOVHWRISDUDPHWHUV
PRQLWRUHG LQ DOO VLWHV KDV EHHQ GHILQHG LQ RUGHU WR DGGUHVV UHVHDUFK TXHVWLRQV WKDW UHTXLUH
PRQLWRULQJ RQ VHYHUDO VLWHV 7DEOH  7ZR W\SHV RI YDULDEOHV DUH GLVWLQJXLVKHG VRFDOOHG EDVLF
YDULDEOHVDQG VLWHRU VWXG\VSHFLILFYDULDEOHV7KHEDVLFYDULDEOHVDUH VDPSOHG LQDOO VLWHVZLWKD
FRPPRQPLQXWHEDVHIUHTXHQF\7KH\DUHHDVLO\PHDVXUDEOHXVLQJPXOWLSDUDPHWULFSUREHV7KH
 PLQXWH WLPH VWHS FDQ EH PDGH WHPSRUDULO\ VPDOOHU ZKHQ UHTXLUHG E\ VSHFLILF REMHFWLYHV RU
H[SHULPHQWV
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6LWH RU VWXG\VSHFLILF YDULDEOHV VXFK DV JHRFKHPLFDOPHDVXUHPHQWV PDMRU LRQV WUDFH HOHPHQWV
EDFWHULDO QXPHUDWLRQ DQG LVRWRSHV LQFOXGLQJ į+ į2 į& 6U6U + į112 DQG į2
12UHTXLUHPRUHFRPSOH[VDPSOLQJDQGDQDO\WLFDOSURFHGXUHV)RUWKLVUHDVRQWKH\DUHFROOHFWHG
DVDURXWLQHSURFHVVIRUVRPHSDUDPHWHUVRQO\DQGRURQO\GXULQJVSHFLILFFDPSDLJQVRYHUSHULRGV
GHILQHGXVLQJWKHEDVLFK\GURORJLFDOPHDVXUHPHQWVIORRGORZZDWHUVDQGVHDVRQDOLW\
0DLQUHVHDUFKTXHVWLRQV
$PDMRUFKDOOHQJHLVWRLGHQWLI\WKHLQWULQVLFYDULDELOLW\RIZDWHUUHVRXUFHVLQNDUVWK\GURV\VWHPVDV
DUHVSRQVHWRFOLPDWHYDULDELOLW\DQGFKDQJH$GGUHVVLQJWKLVFKDOOHQJHUHTXLUHVWKHFKDUDFWHUL]DWLRQ
RI WKH UROH RI WKH YDULRXV LQWHUQDO FRPSDUWPHQWV RI HDFK NDUVW V\VWHP DQG RI WKH VSHFLILF QRQ
OLQHDULW\ RI LWV K\GURG\QDPLF DQG K\GURFKHPLFDO UHVSRQVH /RQJWHUP UHFRUGV RI K\GURORJLFDO
SURFHVVHVZLWKLQYDULRXVK\GURORJLFDOFRPSDUWPHQWVDUHDYDLODEOHDWGLIIHUHQWREVHUYDWRULHVRI WKH
QHWZRUNHSLNDUVWG\QDPLFVVXUYH\HGDWVRPHVLWHVFRYHULQJVXUILFLDOIRUPDWLRQK\GURORJ\DWRWKHU
VLWHV HWF 6XFK PRQLWRULQJ FRPELQHG ZLWK WKH H[SHUWLVH RI WKH 612 .$567 UHVHDUFK WHDPV
PDNHVLWSRVVLEOHWRFKDUDFWHUL]HWKHUROHRIWKHLQWHUQDONDUVWVWUXFWXUHRQWKHRYHUDOOK\GURG\QDPLF
EHKDYLRXURIWKHV\VWHP7KHGLYHUVLW\RIWKH612.$567VLWHVDOORZVVHYHUDOUHVHDUFKTXHVWLRQV
WREHDGGUHVVHG7KHVHLQFOXGHWKHFKDUDFWHUL]DWLRQRINDUVWDTXLIHUVDQGZDWHUVKHGVLQWHUPVRI L
K\GURORJLFDODQGJHRFKHPLFDOUHVSRQVHWRFOLPDWHYDULDELOLW\DQGDQWKURSRJHQLFSUHVVXUHFKDQJHV
LL ELRJHRFKHPLFDO IXQFWLRQLQJ RI WKH FULWLFDO ]RQH DQG YXOQHUDELOLW\ RI WKH JURXQGZDWHU UHVRXUFH
DQGLLLNDUVWJHRPHWU\DQGLWVLQIOXHQFHRQK\GURORJLFDOIXQFWLRQLQJ

+\GURORJLFDODQGJHRFKHPLFDOUHVSRQVHRINDUVWZDWHUVKHGVWRFOLPDWHYDULDELOLW\DQG
DQWKURSRJHQLFFKDQJHV
7KHVWURQJKHWHURJHQHLW\RINDUVWV\VWHPVPDNHVWKHLUK\GURORJLFDOUHVSRQVHDQGWKHVSDWLRWHPSRUDO
HYROXWLRQRI WKHLU SK\VLFRFKHPLFDOFKDUDFWHULVWLFVSDUWLFXODUO\ VHQVLWLYH WR ORFDO DQGRU ODUJHVFDOH
HQYLURQPHQWDOFKDQJHV&KDUOLHUHWDOD/DEDWHWDO0DVVHLHWDO6OLPDQL
HW DO 9DOGHV HW DO  6XFK FKDQJHVPD\ VWHP IURP ERWK DQWKURSRJHQLF DQG FOLPDWLF
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YDULDWLRQVDQGWKH\RFFXUHLWKHUJUDGXDOO\ORZIUHTXHQF\LQWHUDQQXDOWRPXOWLGHFDGDORVFLOODWLRQ
DQGRU WUHQGV RU DEUXSWO\ HJ VWHSFKDQJH LQ WKH FDVHRI WKUHVKROGH[FHHGDQFH6WXG\LQJ ORQJ
WHUP K\GURORJLFDO YDULDELOLW\ LV QHHGHG WR FKDUDFWHUL]H K\GURG\QDPLF DQG SK\VLFRFKHPLFDO
UHVSRQVHV RYHU D ZLGH UDQJH RI K\GURFOLPDWLF FRQGLWLRQV DQG ILOWHU RXW H[FHSWLRQDO HYHQWV DQG
FKDQJHV LQ ERXQGDU\ FRQGLWLRQV 'XUDQ HW DO  EXW DOVR WR ODQG FRYHU HYROXWLRQ DQG
DQWKURSRJHQLFDFWLYLW\LQIOXHQFHV
2ZLQJWRWKHKLJKVROXELOLW\RIFDOFLWHFDUERQDWHZHDWKHULQJFRQWULEXWHVWRRIWKHJOREDO
ULYHUGLVVROYHGORDGWRRFHDQV%HUQHUDQG%HUQHU&DOPHOVHWDO)RUGDQG:LOOLDPV
$PLRWWH6XFKHWHWDO*DLOODUGHWHWDO0H\EHFN,WKDVEHHQDUJXHGWKDW
&2 FRQVXPSWLRQ E\ FDUERQDWH ZHDWKHULQJ RQ WKH FRQWLQHQWV LV IXOO\ EDODQFHG E\ &2 UHOHDVH
GXULQJFDOFLWHELRSUHFLSLWDWLRQLQWKHRFHDQV%HUQHU+RZHYHUWKLVLVSUREDEO\WUXHRQO\IRU
WLPHSHULRGVORQJHUWKDQWKHUHVLGHQFHWLPHRI+&2LQWKHRFHDQVDSSUR[LPDWHO\\HDUV2YHU
VKRUWHUWLPHSHULRGVFDUERQDWHZHDWKHULQJLVH[SHFWHGWRSOD\DQLPSRUWDQWUROHLQWKHJOREDOFDUERQ
EDODQFH$PLRWWH6XFKHWHWDO&DOPHOVHWDO*DLOODUGHWDQG&DOPHOV'XULQJ
FDUERQDWHZHDWKHULQJ&2IURPWKHDWPRVSKHUHVRLOLVFRQVXPHGDQGH[SRUWHGWRWKHRFHDQVLQWKH
IRUPRIGLVVROYHGLQRUJDQLFFDUERQPDLQO\+&2&2XSWDNHWKDWRFFXUVDWWKHLQWHUIDFHEHWZHHQ
WKHRUJDQLFDQGLQRUJDQLFFDUERQF\FOHVLVVHQVLWLYHWRJOREDOZDUPLQJVRLOFRYHUDQGDJULFXOWXUDO
SUDFWLFHV ,W DOVRGULYHV WKH FRQFHQWUDWLRQRI&2 LQFDYHV 3H\UDXEH HW DO +RXLOORQHW DO
DNH\IDFWRUWRWKHFRQVHUYDWLRQRISDULHWDOSDLQWLQJV
/RQJWHUPWUHQGVLQZDWHUFKHPLVWU\KDYHEHHQREVHUYHGIRUYDULRXVNDUVWV\VWHPV-HDQQLQHWDO
5D\PRQGHWDO:LWKLQWKH612.$567VLWHVVXFKWUHQGVDUHLGHQWLILHGIRU/H%DJHW
VLWHDQGWKH-XUD0RXQWDLQV0XGU\HWDO&KDUOLHUHWDO:DWHUPLQHUDOL]DWLRQEHLQJ
GRPLQDWHG E\ +&2 FRQFHQWUDWLRQ LQ FDUERQDWH DTXLIHUV WKH ORQJWHUP YDULDWLRQV LQ HOHFWULFDO
FRQGXFWLYLW\(&LQVSULQJVDQGULYHUV LQNDUVWLFFDWFKPHQWVJLYHDQLQWHUHVWLQJRYHUYLHZRI WKHLU
JHRFKHPLFDO UHVSRQVH WR JOREDO FKDQJH &KDUOLHU HW DO  7KLV LV LOOXVWUDWHG E\ )LJ  WKDW
VKRZVWKH(&YDULDWLRQVRYHUDOPRVW\HDUVLQWKH-XUD0RXQWDLQV6SULQJVUHGFXUYHVDQGULYHUV
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EOXHFXUYHVDUHFODVVLILHGDFFRUGLQJWRWKHPHDQDOWLWXGHRIWKHLUUHFKDUJHDUHDGDUNHUFRORXUVIRU
ORZHU HOHYDWLRQV $QDO\VLQJ WKH HIIHFW RI UHFKDUJH DUHD HOHYDWLRQ LQGLFDWHV WKDW WKH KLJKHU WKH
DOWLWXGHRIWKHUHFKDUJHDUHDWKHKLJKHUWKHPLQHUDOL]DWLRQOHYHO+RZHYHUWKHWLPHVHULHVVKRZVQR
PRQRWRQLF WUHQGV EXW ODUJHVFDOH RVFLOODWLRQV DVVRFLDWHGZLWK KLJK LQIUDDQQXDO YDULDWLRQV GXH WR
UHFKDUJHHYHQWV
2YHUDOO WKHVH ODUJH WHPSRUDO VFDOHHYROXWLRQVDUH VLPLODU IRUDOOPRQLWRULQJSRLQWV7KLV LQGLFDWHV
WKDW WKH UHVSRQVH RI WKH FDUERQDWH DTXLIHUV LV QRW VLWHGHSHQGHQW DQG WKDW WKH GLVVROXWLRQ UDWH RI
FDUERQDWHVYDULHVRYHU ORQJ WLPH VFDOHV$Q LQFUHDVLQJSKDVH LVREVHUYHG IURP WRDQG
VWDELOL]HVDIWHUZDUGV7KLVEHKDYLRXUPD\EHDWWULEXWHGWRYDULRXVDQWKURSRJHQLFSURFHVVHVEXWWKH
LQGLYLGXDO FRQWULEXWLRQV DUH GLIILFXOW WR LGHQWLI\ $OWHUQDWLYHO\ LW PLJKW EH H[SODLQHG E\ WKH
IHHGEDFN RI JOREDO ZDUPLQJ RU E\ DFLG FRQWDPLQDWLRQ RULJLQDWLQJ IURP DWPRVSKHULF DQGRU
DJULFXOWXUDOLQSXWV3UREVWHWDO$PLRWWH6XFKHWHWDO3HUULQHWDO,GHQWLI\LQJ
DQGTXDQWLI\LQJWKHLPSDFWRIWKHYDULRXVDQWKURSRJHQLFSURFHVVHVRQS&2LQVRLODQGRQFDUERQDWH
ZHDWKHULQJ LV VWLOO D SHQGLQJ LVVXH ,VRODWLQJ WKH UHVSHFWLYH FRQWULEXWLRQV RI WKHVH SURFHVVHV ZLOO
DOORZIRUDUHLQWHUSUHWDWLRQRIK\GURFKHPLFDOGDWDEDVHVLQWHUPVRIDFLGDWPRVSKHULFSROOXWLRQORDG
DQGJOREDOZDUPLQJLPSDFWRQFDUERQDWHDQGVXUIDFHZDWHUEXIIHULQJUHVSRQVH

%LRJHRFKHPLFDOIXQFWLRQLQJRIWKHFULWLFDO]RQHDQGYXOQHUDELOLW\RIWKHJURXQGZDWHUUHVRXUFH
LQNDUVWDTXLIHUVDQGZDWHUVKHGV
5HVHDUFKIRVWHUHGZLWKLQ612.$567DGGUHVVHVWKHIROORZLQJSRLQWV
± 7KHK\GURORJLFDOEDODQFHDQGHYHQWG\QDPLFVRIZDWHUVKHGVZLWKDVWURQJNDUVWLFFRPSRQHQWLQ
SDUWLFXODUZKDWLVWKHUROHSOD\HGE\WKHNDUVWFRPSDUWPHQWLQVXVWDLQLQJORZZDWHUOHYHOV
DOORZLQJIRUIORRGPLWLJDWLRQRUWULJJHULQJIORRGDPSOLILFDWLRQ%DLOO\&RPWHHWDO
0DUpFKDOHWDO-RXUGHHWDO&KDUOLHUHWDOE"6KRXOGWKHSUHVHQFHRI
NDUVWEHWDNHQLQWRDFFRXQWLQVWRFKDVWLFDSSURDFKHVIRUWKHSUHGHWHUPLQDWLRQRIK\GURORJLFDO
H[WUHPHV"
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± 7KHLQIOXHQFHRINDUVWRQWKHPDVVEDODQFHRIWUDQVSRUWHGHOHPHQWVRQWKHFRQWLQHQWDOVXUIDFH
PLQHUDODQGRUJDQLFFDUERQF\FOH%DWLRWHWDO%LQHWHWDO%ORQGHOHWDO
4XLHUVHWDOWUDQVIHUVWRUDJHDQGUHOHDVHRIVXVSHQGHGVHGLPHQWV0DVVHLHWDO
)RXUQLHUHWDO9DOGHVHWDOUHVSHFWLYHFRQWULEXWLRQVRIPHFKDQLFDODQGFKHPLFDO
HURVLRQ
6SHFLILFDWWHQWLRQLVSDLGWRWKHLQIOXHQFHRINDUVWRQFKHPLFDODQGPLFURELDOIOX[HVGXULQJUHFKDUJH
HYHQWV %LFDOKRHW DO&KDUOLHU HWDO &KROHW+HU\HW DO EHFDXVH VXFK
HYHQWV UHJXODWH PDMRU JHRFKHPLFDO F\FOHV VXFK DV WKH FDUERQ F\FOH DQG WKH SURSDJDWLRQ RI
FKHPLFDO DQG PLFURELDO SROOXWLRQ LQ NDUVW DTXLIHUV )RXUQLHU HW DO  .KDOGL HW DO 
/DURFKHHWDO
7KHGHYHORSPHQWRI UHFHQW WUDFHUVVXFKDV UDUHHDUWKHOHPHQWV &KROHWHW DORU UDGRQDQG
UDGLXP LVRWRSHV 0ROLQD3RUUDV HW DO  DV ZHOO DV 6U6U WR LGHQWLI\ WKH RULJLQ RI ZDWHU
DSSHDUVDVDQHZSRVVLEOHZD\WRLGHQWLI\IORZSDWKVZLWKYDULRXVUHVLGHQFHWLPHFRQGLWLRQVLQVXFK
KHWHURJHQHRXVV\VWHPVZKLFKLVHVVHQWLDOIRUDEHWWHUDVVHVVPHQWDQGPDQDJHPHQWRIJURXQGZDWHU
7KH LQWHUDFWLRQV EHWZHHQ VXUIDFH ZDWHU DQG JURXQGZDWHU PDNH NDUVW V\VWHPV VXEWHUUDQHDQ
K\SRUKHLF ]RQHV ZKHUH PL[LQJ EHWZHHQ FLUFXPQHXWUDO WR VOLJKWO\ DFLGLF DQG ZHOO R[\JHQDWHG
VXUIDFHZDWHUVZLWK EXIIHUHG JURXQGZDWHU FUHDWH KLJKO\ UHDFWLYH ]RQHVZLWK SRVVLEOH LPSDFWV RQ
ULYHUFKHPLVWU\

.DUVWJHRPHWU\DQGLWVLPSOLFDWLRQRQK\GURORJLFDOIXQFWLRQLQJ
8QGHUVWDQGLQJ WKH SK\VLFDO VWUXFWXUH RI NDUVW V\VWHPV WKH ORFDWLRQ DQG JHRPHWU\ RI FRQGXLW
QHWZRUNVDQGWKHLULQWHUDFWLRQVZLWKWKHVXUURXQGLQJIUDFWXUHGPHGLXPLVDGLIILFXOWWDVN7KLVLVD
PDMRUREVWDFOHWREXLOGLQJDSSURSULDWHJHRORJLFDOPRGHOVWKDWDUHQHFHVVDU\WRIORZPDVVWUDQVSRUW
DQG ZDWHUURFN LQWHUDFWLRQ PRGHOOLQJ ,Q DGGLWLRQ NDUVW V\VWHPV DUH JHQHUDOO\ VSDWLDOO\ SRRUO\
FKDUDFWHUL]HGDQGRQO\PRQLWRUHGDWWKHLURXWOHWV$VDUHVXOWNDUVWFDWFKPHQWVDUHPRVWO\DQDO\VHG
DQG PRGHOOHG XVLQJ FRQFHSWXDO DSSURDFKHV GHVLJQHG WR XQGHUVWDQG LQWHUSUHW DQG UHSURGXFH WKH
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YDULDELOLW\RIIORZUDWHVDQGRUZDWHUOHYHODWNDUVWRXWOHWV7ULW]HWDO/DGRXFKHHWDO
*XLQRWHWDO$UILEDQG&KDUOLHU%DXGHPHQWHWDO0D]]LOOLHWDO6XFK
DSSURDFKHVUHPDLQDZLGHVSUHDGDQGUHOHYDQWPHDQVRIFKDUDFWHUL]LQJWKHK\GURORJLFDOIXQFWLRQLQJ
RI NDUVW V\VWHPV+RZHYHU VXSSOHPHQWDWLRQZLWK SURFHVVEDVHGPRGHOOLQJ RI IORZ DQG WUDQVSRUW
ZKHQ VSDWLDOL]HG LQIRUPDWLRQ LV DYDLODEOH RIIHUV FKDOOHQJLQJ EXW SURPLVLQJ SHUVSHFWLYHV 7KH
UHVHDUFKHIIRUWLQWHUPVRIPRQLWRULQJWKHNDUVWVWUXFWXUHDQGJHRPHWU\IRFXVHVRQ
± ,PSURYLQJWKHTXDQWLILFDWLRQRIJHRPHWULFLQGLFDWRUVZLWKLQWKHYDULRXVFRPSDUWPHQWVVRLO
HSLNDUVWYDGRVH]RQHVDWXUDWHG]RQHDQGSURYLGLQJLQVLJKWVLQWRWKHSK\VLFDOSURFHVVHVDWVWDNH
ZLWKLQWKHVXEV\VWHPVYLDK\GURG\QDPLFDQGK\GURFKHPLFDOPRQLWRULQJ%DUKRXPHWDO
%LQHWHWDO&KROHWHWDO
± &RQGXFWLQJJHRSK\VLFDOLQYHVWLJDWLRQVWRLPSURYHWKHFKDUDFWHUL]DWLRQRIWKHVWUXFWXUHDQG
IORZVRQWKHVLWHVDQGSURSRVLQJPHWKRGRORJLFDOGHYHORSPHQWVLQJHRSK\VLFDOLPDJHU\
± 6WXG\LQJVSHOHRJHQHVLVJHRPHWULFDQGWRSRORJLFSDUDPHWHUVRI'NDUVWQHWZRUNV)LJWR
LPSURYHNDUVWQHWZRUNPRGHOOLQJ&ROORQHWDO)RXUQLOORQHWDO-RXYHVHWDO
IRUNDUVWK\GURORJLFDOEHKDYLRXUXQGHUVWDQGLQJEXWDOVRDVLQSXWIRUIORZPRGHOV
± ([SORULQJWKHOLQNVEHWZHHQV\VWHPLFDQGSK\VLFDOO\EDVHGDSSURDFKHVWRLPSURYHWKH
XQGHUVWDQGLQJDQGWKHPRGHOOLQJRINDUVWK\GURV\VWHPVLPSURYHPHQWRIWKHHIILFLHQF\RI
FRQFHSWXDOPRGHOOLQJDOWHUQDWLYHVQHFHVVDU\WRGLVWULEXWHGPRGHOOLQJLPSURYHPHQWRIWKH
LQWHUSUHWLQJFDSDELOLWLHVRIWLPHVHULHVDQDO\VLVDQGVLJQDOSURFHVVLQJDSSURDFKHVSK\VLFDO
PHDQLQJRIWKHFRPSRQHQWVDQGVWDWLVWLFDOSURSHUWLHVRIWKHK\GURORJLFDOVLJQDO

1HZILQGLQJVDQGDFKLHYHPHQWV

7KH.DUVW0RGPRGXODUPRGHOOLQJSODWIRUP
3URSRVLQJDV\VWHPDWLFDQGJHQHULFDSSURDFKWRNDUVWK\GURG\QDPLFPRGHOOLQJZDVLGHQWLILHGDVD
PDMRUFKDOOHQJHE\612.$5677KLVJHQHULFDVVLJQPHQWPD\EHFRPSDUHGWRZKDWLVEHLQJEXLOW
DWWKHPHVRVFDOHIRUWKH'VXUIDFHXQGHUJURXQGLQWHJUDWLRQRIIOXLGG\QDPLFVDQGPDWWHUIOX[HVLQ
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GUDLQDJHEDVLQV5RXVVHWHWDO,QWKHVSHFLILFFDVHRINDUVWWKHODFNRINQRZOHGJHRQIORZ
JHRPHWU\ DQG FKDQQHOL]DWLRQ SUHFOXGHV WKH XVH RI GLVWULEXWHG PRGHOV )RU WKLV UHDVRQ LW VHHPV
DGYLVDEOHWKDWWKHUDLQIDOOGLVFKDUJHUHODWLRQVKLSRINDUVWV\VWHPVEHXQGHUVWRRGLQDFRPSDUWPHQW
EDVHGIRUP7KHGLYHUVLW\RIWKH612.$567VLWHVPDNHVLWSRVVLEOHWRSURYLGHLQIRUPDWLRQRQWKH
IXQFWLRQLQJ RI WKH YDULRXV LQWHUQDO FRPSDUWPHQWV RI NDUVW V\VWHPV 6XFK LQIRUPDWLRQ DOORZV
LPSURYLQJWKHSDUDPHWHUL]DWLRQRIHLWKHUFRQFHSWXDORUSK\VLFVEDVHGPRGHOV,QWHUFRPSDULVRQRI
WKH H[WUHPHO\ GLYHUVH VLWHV RI 612.$567ZDV WKXV XVHG IRU WHVWLQJ WKH UHOHYDQFH RI QRQVLWH
VSHFLILF JHQHULF PRGHOV 7KLV KDV OHG WR WKH GHYHORSPHQW RI WKH JOREDO FRQFHSWXDO PRGXODU
PRGHOOLQJ .DUVW0RG SODWIRUP 0D]]LOOL HW DO  WKDW DOORZV IRU VLPXODWLQJ SUHGLFWLQJ DQG
LQWHUSUHWLQJ NDUVW K\GURORJLFDO IXQFWLRQLQJ 7KLV SODWIRUP LQFRUSRUDWHV D YDULHW\ RI WUDQVIHU
IXQFWLRQV7ULW]HWDO*XLQRWHWDOWKDWZHUHGHYHORSHGVSHFLILFDOO\IRUWKHPRGHOOLQJ
RI NDUVW FDWFKPHQWV 6XFK IXQFWLRQV DUH QRW IRXQG LQ FODVVLFDO FRQFHSWXDO PRGHOOLQJ SODWIRUPV
.DUVW0RGKDVEHHQVXFFHVVIXOO\DSSOLHGWRWKH612.$567QHWZRUNEXWDOVRWRRWKHUZDWHUVKHGV
1HUDQW]LVHWDO3RXODLQHWDO*XLQRWHWDO.DUVW0RGSURYLGHVDXVHUIULHQGO\
WRRO WR LPSOHPHQW UDLQIDOOGLVFKDUJH PRGHOOLQJ DQG FDQ EH ZLGHO\ DSSOLHG IRU ZDWHU UHVRXUFHV
PDQDJHPHQW ,W IDFLOLWDWHV WKH V\VWHPDWLF XVH RITXDQWLWDWLYH VLPXODWLRQ LQ WKHZDWHUPDQDJHPHQW
SURFHVV )RU H[DPSOH WKH ZHOONQRZ DQG YHU\ FRPPRQ EDVHIORZ %) DQG TXLFNIORZ 4)
K\GURJUDSK VHSDUDWLRQ FDQEH SHUIRUPHGDXWRPDWLFDOO\RYHU WKHZKROH WLPH VHULHV %DXGHPHQW HW
DO &DOLEUDWHG UHFHVVLRQ FRHIILFLHQWV JRYHUQLQJ WKH SURSRUWLRQ RI%) DQG4) FDQ WKHQ EH
FRQFHSWXDOO\ UHODWHG ZLWK WKH NDUVW QHWZRUN FRQQHFWLYLW\ LQIHUUHG IURP JHRPRUSKRORJLF DQG
JHRORJLF REVHUYDWLRQ &RQFHSWXDO PRGHOOLQJ VKRXOG WKHQ EH VHHQ DV FRPSOHPHQWDU\ WR WKHPRUH
FODVVLFDOWLPHVHULHVDQDO\VLVDQGVSHOHRJHQHVLVGHULYHGLQIRUPDWLRQ
.DUVW0RGKDVEHHQGHYHORSHGWRRIIHUDQXSWRGDWHWRROIRULPRGHOFDOLEUDWLRQVLQJOHRUPXOWL
REMHFWLYHFDOLEUDWLRQ DSSURDFK TXDVL0RQWH&DUOR SURFHGXUH LL VLPXODWLRQ DQDO\VLV FXPXODWLYH
SUREDELOLW\SORWVFRUUHORJUDPVVSHFWUDODQDO\VLVLLLVHQVLWLYLW\DQGHTXLILQDOLW\DQDO\VLVPDSSLQJ
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WKHREMHFWLYHIXQFWLRQLQWKHSDUDPHWHUVSDFHVHQVLWLYLW\LQGH[HV)LJVKRZVVDPSOHVLPXODWLRQ
UHVXOWVZLWKWKHLUFRQILGHQFHLQWHUYDODVJHQHUDWHGIURPWKH.DUVW0RGXVHULQWHUIDFH

+\GURORJLFDOUHVSRQVHRINDUVWFDWFKPHQWVWRODUJHVFDOHDWPRVSKHULFFLUFXODWLRQSDWWHUQV
.DUVW ZDWHUVKHGV FDQ GLVSOD\ D VWURQJO\ QRQOLQHDU UHVSRQVH WR PHWHRURORJLFDO LQSXWV 7KLV LV
EHFDXVHWKHLQWHUDFWLRQVEHWZHHQWKHLQWHUQDOZDWHUVKHGFRPSDUWPHQWVFKDQJHZLWKWKHDPSOLWXGHRI
FOLPDWLF YDULDWLRQV ,Q RUGHU WR DVVHVV WKH VHQVLWLYLW\ RI NDUVW V\VWHPV WR FOLPDWH YDULDELOLW\ DQG
FKDQJHVWKHUHODWLRQVKLSVEHWZHHQNDUVWK\GURORJLFDOYDULDWLRQVDQGODUJHVFDOHFOLPDWHYDULDELOLW\
ZDVVWXGLHGXVLQJWKH612.$567GDWDEDVH7KHFOLPDWLFGHWHUPLQLVPRI ORQJWHUPLQWHUDQQXDO
KHUHDIWHUUHIHUUHGWRDVORZIUHTXHQF\NDUVWK\GURORJLFDOYDULDWLRQVZDVLQYHVWLJDWHG7KUHHVLWHV
ZHUH XVHG WKH 5DGLFDWHO &KDON NDUVW REVHUYDWRU\ LQ 1RUWKHUQ )UDQFH WKH /H]0('<&<66
REVHUYDWRU\LQ6RXWKHUQ)UDQFHDQGWKH0RXOLV/H%DJHWREVHUYDWRU\LQWKH3\UHQHHV7KHFOLPDWLF
FRQGLWLRQVDUHWKXVKLJKO\FRQWUDVWHG
7KH DSSURDFKZDVEDVHGRQ WKDW SURSRVHG E\0DVVHL HW DO  )LUVWO\ WKH K\GURORJLFDO WLPH
VHULHVZHUHGHFRPSRVHGDVWKHVXSHUSRVLWLRQRIODUJHVFDOHFOLPDWHILHOGWLPHVHULHVDQGDORFDOILHOG
XVLQJZDYHOHWPXOWLUHVROXWLRQ DQDO\VLV 6HFRQGO\ WKH FRUUHODWLRQV EHWZHHQ ODUJHVFDOH DQG ORFDO
VFDOHFRPSRQHQWVZHUHDVVHVVHGE\JHQHUDWLQJFRPSRVLWHPDSVIRUWKHYDULRXVZDYHOHWVFDOHV7KH
ODUJHVFDOHYDULDEOHZDVWKH6HD/HYHO3UHVVXUH6/3ILHOGWLPHVHULHVRYHUWKH1RUWK$WODQWLFDUHD
REWDLQHGIURPUHDQDO\VLVSURGXFWV12$$WKFHQWXU\RU(5$,QWHULPUHDQDO\VHV,WZDVVHOHFWHG
EHFDXVH LW UHSUHVHQWV D JRRG SUR[\ IRU DWPRVSKHULF FLUFXODWLRQ WKDW KDV D PDMRU LQIOXHQFH RQ
SUHFLSLWDWLRQYDULDELOLW\'LIIHUHQW VLWHGHSHQGHQW ORFDOVFDOHYDULDEOHVZHUHGHILQHGSUHFLSLWDWLRQ
IORZRUZDWHU OHYHO WLPH VHULHV6LQFH WKH IRFXVZDVSXW RQ ORQJ WHUPYDULDELOLW\ WKH VHULHVZHUH
DJJUHJDWHG RQ D PRQWKO\ WLPH VWHS :DYHOHW PXOWLUHVROXWLRQ DQDO\VLV DOORZHG ORZ IUHTXHQF\
FRPSRQHQWV WR EH LGHQWLILHG LQ WKH K\GURORJLFDO VLJQDO )LJ  )RU LQVWDQFH ORZ IUHTXHQF\
RVFLOODWLRQV ZLWK SHULRGV RI  \HDUV ZHUH GHWHFWHG DW WKH WKUHH VLWHV 7KH IUDFWLRQ RI YDULDQFH
H[SODLQHG E\ VXFK RVFLOODWLRQV ZDV IRXQG WR EH VLWHGHSHQGHQW ,Q WKH &KDON NDUVW WKH KLJK
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DPSOLWXGH RI WKH ORZ IUHTXHQF\ FRPSRQHQWV LV DWWULEXWHG WR WKH UHJLRQDO G\QDPLFV RI WKH ODUJH
SRURXVIUDFWXUHGFKDONDTXLIHU(O-DQ\DQLHWDO
7KH UHVXOWV VKRZ WKDW WKH ORFDOVFDOH ORZIUHTXHQF\ VSULQJ IORZ DQG ZDWHU OHYHO YDULDWLRQV DUH
V\VWHPDWLFDOO\UHODWHGWRDUDWKHUZHOOGHILQHG6/3SDWWHUQIRUHDFKFRPSRQHQWRIWKHK\GURORJLFDO
VLJQDO)LJ,WLVZRUWKQRWLQJWKDWVLPLODUORZIUHTXHQF\FRPSRQHQWVDQGFRUUHVSRQGLQJVSDWLDO
6/3SDWWHUQVDVVSULQJIORZRUZDWHUOHYHOZHUHREWDLQHGIRUSUHFLSLWDWLRQQRWVKRZQDWDOOVLWHV
7KLVFRQILUPVWKDW WKHRVFLOODWLRQVLQWKHIORZDQGRUZDWHU OHYHOVRULJLQDWHIURPWKHFOLPDWHLQSXW
DQG DUH QRW GXH WR VLWHGHSHQGHQW SK\VLFDO FKDUDFWHULVWLFV RU KXPDQGULYHQ FKDQJHV LQ WKH
K\GURV\VWHPV7KH0HGLWHUUDQHDQ/H]V\VWHPFRPSRVLWHPDSV)LJGIFOHDUO\VKRZGLSROHOLNH
6/3 SDWWHUQV UHPLQLVFHQW RI WKH 1RUWK$WODQWLF 2VFLOODWLRQ FOLPDWH UHJLPH +XUUHOO DQG 'HVHU
7KLV UHVXOWZDVH[SHFWHG LQ WKDW WKH/H]VLWH LV ORFDWHG LQD UHJLRQZKHUH WKHHIIHFWRI WKH
1RUWK$WODQWLF2VFLOODWLRQ1$2RQK\GURORJLFDOFRQGLWLRQVLVZHOOFRQWUDVWHG7KLVLVQRWWKHFDVH
IRUWKH5DGLFDWHOVLWH)LJJLWKDWLVORFDWHGLQDWUDQVLWLRQ]RQHUHJDUGLQJWKHH[SHFWHGLPSDFW
RI1$2RYHU:HVWHUQ(XURSH$OWKRXJKLWLVORFDWHGLQ6RXWKHUQ)UDQFHDVWKH/H]VLWH/H%DJHW
V\VWHPFOHDUO\EHKDYHVGLIIHUHQWO\H[FHSWIRUWKHWZR\HDURVFLOODWRU\FRPSRQHQW)LJDF7KLV
LV DWWULEXWHG WR /H%DJHW
V VSHFLILFPRXQWDLQRXV ORFDWLRQ 7KHVH UHVXOWV VKRZ WKDW ORZIUHTXHQF\
FOLPDWHIRUFLQJLVILOWHUHGLQDVLPLODUIDVKLRQUHJDUGOHVVRIVLWHORFDWLRQ
7KHYDULDELOLW\RIVXFKFOLPDWHGULYHUVKDVDFOHDULPSDFWRQWKHG\QDPLFVRIWKHNDUVWV\VWHP)RU
LQVWDQFHKLJKWXUELGLW\HYHQWVWKDWDUHW\SLFDORINDUVWFRQGXLWGUDLQDJHUHFRUGHGDWWKH5DGLFDWHO
VLWH DUH REYLRXVO\ DVVRFLDWHGZLWK D a\U LQWHUDQQXDO RVFLOODWLRQ &KHGHYLOOH HW DO  7KH\
RFFXUPRVWO\GXULQJULVLQJZDWHUOHYHORYHUWLPHSHULRGVRIa\HDUVDVVKRZQLQ)LJ
7KLV HPSKDVL]HV WKH FUXFLDO UROH SOD\HG E\ ORZIUHTXHQF\ ODUJHVFDOH DWPRVSKHULF G\QDPLFV RQ
NDUVW UHVSRQVH LQDUHJLRQDODTXLIHU$W WKH/H]VLWHSUHFLSLWDWLRQVWUHDPIORZPRGHOOLQJXVLQJ WKH
.DUVW0RGPRGHOOLQJSODWIRUP0D]]LOOLHWDODOORZHGWKHPDWUL[FRQGXLWQHWZRUNH[FKDQJH
IORZ UDWHV WREHDVVHVVHG7KH VDPHa\URVFLOODWLQJFRPSRQHQW FRUUHVSRQGLQJ WR WKH1$2OLNH
ODUJHVFDOHSDWWHUQRI)LJIZDVIRXQGWRH[SODLQDSSUR[LPDWHO\RIWKHWRWDOYDULDQFHLQWKH
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DQQXDO PDWUL[ GUDLQDJH )LJ  7KLV RVFLOODWRU\ FRPSRQHQW WKXV H[HUWV D VWURQJ ODUJHVFDOH
DWPRVSKHULFFRQWURORQWKHGUDLQDJHIORZIURPWKHPDWUL[WRWKHFRQGXLWQHWZRUN
7KHVH UHVXOWV KHOS WR LPSURYH WKH XQGHUVWDQGLQJ RI WKH UHODWLRQVKLSV EHWZHHQ DWPRVSKHULF
FLUFXODWLRQ SDWWHUQV DQG K\GURORJLFDO YDULDWLRQV DW PXOWLSOH WLPH VFDOHV 7KH\ DUH DQ HVVHQWLDO
SUHUHTXLVLWH WR WKH XQGHUVWDQGLQJ DQG XOWLPDWHO\ VLPXODWLQJ DQG SUHGLFWLQJ WKH LPSDFW RI IXWXUH
FOLPDWHYDULDWLRQVRQWKHK\GURG\QDPLFVRINDUVWDTXLIHUVDQGZDWHUVKHGV

1HZWRROVIRUWKHDVVHVVPHQWRIWKHIXQFWLRQLQJDQGYXOQHUDELOLW\RIWKHNDUVWDTXLIHUV
1HZDSSURDFKHVLQQDWXUDOWUDFLQJ
/RQJ WHUP QDWXUDO IOXRUHVFHQFH PRQLWRULQJ KDV EHHQ DFWLYH DW WKH /H] VSULQJ 0('<&<66
REVHUYDWRU\ VLQFH  DQG DW WKH )RQWDLQH GH 1vPHV VSULQJ VLQFH  7KLV PRQLWRULQJ
FRQWULEXWHVWRDEHWWHUXQGHUVWDQGLQJRIWKHG\QDPLFVRIIDVWLQILOWUDWLRQIOX[HVWKDWFDUU\VXVSHQGHG
PDWHULDOVDQGGLVVROYHGRUJDQLFPDWWHU7KHVHIOX[HVFDQEHLGHQWLILHGIURPWKHZDYHOHQJWKRI WKH
VFDWWHUHGOLJKWGXHWRVXVSHQGHGPDWHULDOVDQGIOXRUHVFHQFHRIQDWXUDORUJDQLFIOXRURSKRUHV$PRQJ
WKHVHIOXRURSKRUHVKXPLFOLNHFRPSRXQGVQDWXUDOO\RULJLQDWHIURPVRLOOHDFKDWHV%DWLRW*XLOKHHW
DO%ORQGHOHWDO3URWHLFOLNHFRPSRXQGVVWHPIURPIUHVKRUJDQLFPDWWHURUPLFURELDO
SURGXFWLRQWKDWPD\FRPHIURPRUJDQLFHIIOXHQWV/DSZRUWKHWDO0XGDUUDHWDO)RU
WKH /H] NDUVW V\VWHP GLVWLQJXLVKLQJ EHWZHHQ KXPLF DQG SURWHLFOLNH FRPSRXQGV LV LPSRUWDQW LQ
WKDWWKHSURWHLFOLNHSHDNKDVEHHQVKRZQWREHUHODWHGWRIDVWLQILOWUDWLRQZDWHUVWKDWFDUU\EDFWHULDO
FRQWDPLQDWLRQSXOVHV4XLHUVHWDO'XUHSDLUHHWDO(URVWDWHHWDO
2XU DSSURDFK LV EDVHG RQ WKH FRPELQDWLRQ RI L1DWXUDO2UJDQLF0DWWHU 120 FKDUDFWHUL]DWLRQ
XVLQJDODERUDWRU\VSHFWURIOXRURPHWHUDQGLL ORQJWHUPPRQLWRULQJDWDPLQXWHWLPHVWHSDQGD
ORZHUVSHFWUDOUHVROXWLRQXVLQJDPXOWLVSHFWUDOILHOGIOXRURPHWHU)LJVKRZVWKHGRPDLQRI([(P
PDWUL[HV WKDW FDQ EH DQDO\VHG E\ WKH IOXRURPHWHU DFFRUGLQJ WR WKH RSWLFV V\VWHPV 7XUELGLW\
5D\OHLJKGLIIXVLRQVSHFWUXP5KRGDPLQH8UDQLQH$PLQR*DFLGRU³3URWHLF´RSWLFVV\VWHP7KH
ODWWHULVDFXVWRPL]HGRSWLFVV\VWHPVSHFLILFDOO\GHVLJQHGIRUWKHPRQLWRULQJRISURWHLFFRPSRXQGV
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
7KH ([(PPDWUL[ )LJ  VKRZV WKH IOXRUHVFHQFH LQWHQVLW\ IRU D JLYHQ H[FLWDWLRQ DQG HPLVVLRQ
ZDYHOHQJWKZLWK120FRPSRXQGVUDQJLQJIURPWKHPLG8OWUD9LROHW89QPWRLQGLJROLJKW
QP
7KHPHWKRGRORJ\ZDVDSSOLHGWRWKH/H]DQG)RQWDLQHGH1vPHVVLWHV,WZDVXVHGDWWKH/H]6SULQJ
WR EHWWHU XQGHUVWDQG WKH G\QDPLFV RI EDFWHULDO FRQWDPLQDWLRQ (URVWDWH HW DO  ,W LV WR EH
DSSOLHG WR RWKHU VLWHV RI WKH 612QHWZRUNZKHUH ORQJ WHUP IOXRUHVFHQW WLPH VHULHV DUH DYDLODEOH
6LQFH DQWKURSRJHQLF LQSXWV PD\ PRGLI\ WKH G\QDPLFV DQG VSHFWUXP RI WKH QDWXUDO IOXRUHVFHQW
RUJDQLFPDWWHU WKLVZLOODOORZ WKHVHQVLWLYLW\RI WKLVDSSURDFK WRRWKHUFOLPDWHDQGDQWKURSRJHQLF
LQSXWVWREHDVVHVVHG
%HVLGHV XQGHUVWDQGLQJ WKH RULJLQ DQG G\QDPLFV RI QDWXUDO IOXRUHVFHQFH SURYLGHV LPSRUWDQW
LQIRUPDWLRQ ZKHQ FRQGXFWLQJ D IOXRUHVFHQW WUDFHU WHVW EHFDXVH QDWXUDO IOXRUHVFHQFH FDQ EH
LQWHUSUHWHG DV D WUDFHU UHFRYHU\ ,W PD\ DOVR GLVWXUE WKH TXDQWLILFDWLRQ RI WKH WUDFHU UHFRYHU\
$FFRUGLQJO\ D QHZ PHWKRG RI WUDFHU WHVW FRUUHFWLRQ FDOOHG PXOWLRSWLFV FRUUHFWLRQ KDV EHHQ
GHYHORSHGIRUDPXOWLVSHFWUDOILHOGIOXRURPHWHU%DLOO\&RPWHHWDO,WKDVEHHQVXFFHVVIXOO\
DSSOLHGWRWKH/H]DQG)RQWDLQHGH1vPHVNDUVWV\VWHPVWRDGGUHVVWKHIROORZLQJTXHVWLRQVLQWHUPV
RILGHWHFWLRQLVWKHWUDFHUUHDOO\SUHVHQWLQWKHZDWHU"DQGLLTXDQWLILFDWLRQWRZKDWH[WHQWGRHV
QDWXUDOIOXRUHVFHQFHLQIOXHQFHWKHPHDVXUHPHQWV"
7KHUHVXOWVVKRZWKDWIOXRUHVFHQWWUDFHUWHVWVFDQ\LHOGDFFXUDWHPHDVXUHPHQWVHYHQLQDUHDVRIKLJK
QDWXUDOIOXRUHVFHQFHDQGKLJKWXUELGLW\7KLVJUHDWO\LPSURYHVDUWLILFLDOWUDFLQJUHVXOWVGXULQJIORRG
HYHQWVLQWKHSUHVHQFHRIKLJKO\YDULDEOH120DQGVXVSHQGHGPDWWHU

 'HYHORSPHQW RI D SOXJLQ IRU WKH 3D35,.D YXOQHUDELOLW\ DVVHVVPHQW PHWKRGRORJ\
LPSOHPHQWDWLRQLQ4*,6
0XOWLFULWHULD PHWKRGV DUH LQGLVSHQVDEOH WR LQWULQVLF YXOQHUDELOLW\ DVVHVVPHQW LQ NDUVW 7KH
VWDQGDUGL]HG (XURSHDQ PHWKRG IRU PXOWLFULWHULD YXOQHUDELOLW\ DVVHVVPHQW LV FDOOHG 3D35,.D
'|UIOLJHUDQG3ODJQHV7KLVLVWKHDFURQ\PRI3URWHFWLRQRIDTXLIHUVIURPWKHDVVHVVPHQWRI
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IRXUFULWHULD3IRUSURWHFWLRQFRQVLGHULQJWKHPRVWSURWHFWLYHDVSHFWVDPRQJSDUDPHWHUVUHODWHGWR
VRLO FRYHU XQVDWXUDWHG ]RQH DQGHSLNDUVW EHKDYLRU5 IRU URFN W\SH , IRU LQILOWUDWLRQ DQG.D IRU
NDUVWLILFDWLRQGHJUHH.DYRXULHWDO
,Q WKH IUDPHZRUN RI 612 .$567 D 4*LV SOXJLQ ZDV GHYHORSHG IRU D VWDQGDUGL]HG 3D35,.D
LPSOHPHQWDWLRQ XQGHU 4*LV 7KH WRROER[ SURYLGHV D FOHDU ZRUNIORZ DOORZLQJ D FRQVLVWHQW
YXOQHUDELOLW\PDS WREHSURGXFHG LQ DQ RSHQ VRXUFH HQYLURQPHQW7KH3D35,.D SOXJLQ IRU4*LV
ZDVXVHGIRUSROOXWLRQULVNDVVHVVPHQW LQ WKHNDUVWDTXLIHURI'DPDVL7LWDQRVLQ7KHVVDO\&HQWUDO
*UHHFH

)ORZDQGWUDQVSRUWSURSHUWLHVZLWKUHVSHFWWRNDUVWJHRPHWU\
'HYHORSPHQWRIQHZWUDQVIHUIXQFWLRQDSSURDFKHV
$QHZWUDFHUEUHDNWKURXJKLQWHUSUHWDWLRQLQNDUVWV\VWHPVKDVEHHQGHYHORSHG,WERUURZVIURPWKH
PRGHOOLQJ FRQFHSWV LQ FKHPLFDO HQJLQHHULQJ DQG FRQWURO SURFHVV /DEDW DQG 0DQJLQ 
&KHPLFDO UHDFWRUVDUHPRGHOOHGDVDFDVFDGHRI LGHDOO\PL[HGUHVHUYRLUVFRQQHFWHGE\SLSHV7KH
WUDFHU DQG WKHQPDVV WUDQVIHU LV DVVXPHG WR IROORZ WKHPRYHPHQW RI ZDWHU WKURXJK D VHULHV RI
UHVHUYRLUV$WUDQVIHUIXQFWLRQDSSURDFKLVDSSOLHGWRUHFRQVWUXFWDUWLILFLDOWUDFHUWHVWVLQWKHNDUVWLF
V\VWHP 7KH VHYHQ SDUDPHWHU WUDQVIHU IXQFWLRQ LV EDVHG RQ WKH DVVXPSWLRQ RI D UDSLG IORZ
FRPSRQHQW DQG D VORZ IORZFRPSRQHQW DFWLQJ VLPXOWDQHRXVO\7KH UDSLG FRPSRQHQW FRUUHVSRQGV
URXJKO\WRWKHIORZSURFHVVHVLQWKHGUDLQDJHQHWZRUNDQGWKHKLJKO\WUDQVPLVVLYHIUDFWXUHQHWZRUN
7KHVORZFRPSRQHQWURXJKO\FRUUHVSRQGVWRWKHGHOD\HGUHVSRQVHLQUHODWLRQVKLSWRIORZSURFHVVLQ
OHVV WUDQVPLVVLYH IUDFWXUHG RU ILVVXUHG ]RQHV 0RGHO FDOLEUDWLRQ LV GHHPHG WR SURYLGH VHPL
TXDQWLWDWLYH LQIRUPDWLRQ DERXW WKH UHVSHFWLYH FRQWULEXWLRQV RI TXLFNIORZ FRPSRQHQWV DQG VORZ
IORZ WUDQVIHU SURFHVVHV 4XDQWLI\LQJ WKH WZR SDWKZD\V LV RI VDOLHQW LPSRUWDQFH ZLWK UHVSHFW WR
FRQWDPLQDQW GLVSHUVLRQ VLQFHDSUHGRPLQDWLQJ UDSLG IORZJHQHUDOO\ LPSOLHV OLPLWHG DWWHQXDWLRQ RI
WKHSROOXWDQWFRQFHQWUDWLRQ&RQYHUVHO\SUHGRPLQDWLQJVORZIORZVLQGXFHSROOXWDQWGLOXWLRQDQGWKH
VXEVHTXHQW GHFUHDVH LQ WKH SHDN SROOXWDQW FRQFHQWUDWLRQ DW WKH RXWOHW 7KH TXLFN FRPSRQHQW
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FRUUHVSRQGVURXJKO\WRIORZSURFHVVHVLQWKHGUDLQDJHQHWZRUNDQGWKHKLJKO\WUDQVPLVVLYHIUDFWXUH
QHWZRUNZKHUHDVWKHVORZFRPSRQHQWURXJKO\FRUUHVSRQGVWRWKHGHOD\HGUHVSRQVHLQUHODWLRQVKLS
ZLWKIORZSURFHVVLQOHVVWUDQVPLVVLYHIUDFWXUHGRUILVVXUHG]RQH
7KHVHIXQFWLRQVDUHDSSOLHGWRVHYHUDOWUDFHUWHVWVH[SHULPHQWVDW/H%DJHW7KLVEDVLQORFDWHGLQWKH
3\UHQHDQV0RXQWDLQV $ULqJH )UDQFH LV FKDUDFWHULVHG E\ DPHGLDQ DOWLWXGH DERXW P DQG D
UHFKDUJHDUHDDURXQGNP7KHVSHFLILFUXQRIILVOVNPZLWKDPHDQGDLO\UXQRIIDERXW
OV7KHLQMHFWLRQVDQGUHFRYHU\VLWHDUHORFDWHGRQWKHGRZQVWUHDPSDUWRIWKHDTXLIHU)LJ,Q
WKLV ]RQH WKH V\VWHPLVFKDUDFWHULVHGE\ WKHSUHVHQFHRI VLQNKROHV DQG WHPSRUDU\ DQGSHUPDQHQW
VSULQJVRQDVSDWLDOO\UHVWUDLQHGDUHDRIDERXWNP
)LJVKRZVWKHH[SHULPHQWDODQGVLPXODWHGUHVLGHQFHWLPHGLVWULEXWLRQUHVXOWVRIWZRWUDFHUWHVWV
EDVHGRQ IOXRUHVFHLQ LQMHFWLRQ3HULRGVZLWKRXW UDLQIDOOZHUH VHOHFWHG VR WKDW WKHYDULDWLRQVRI WKH
VSULQJRXWIORZZHUHPLQLPDOGXULQJWKHWUDFHUWHVW7KHDGYHFWLYHDQGGLIIXVLYHFRPSRQHQWVRIWKH
PRGHO WUDQVIHU IXQFWLRQ DUH DOVR SORWWHG 7KH UHFRYHU\ RI WUDFHU WHVWV EHWZHHQ 3 /RVV DQG /DV
+RXQWDV 77 DQG EHWZHHQ 3H\UHUH DQG /DV +RXQWDV 77 )LJ  DOORZHG SRVVLEOH
GLVFUHSDQFLHVEHWZHHQORZDQGPHGLXPZDWHUOHYHOVWREHLGHQWLILHGIRUDJLYHQLQOHWRXWOHWV\VWHP
:KHQWKHZDWHUOHYHOVLQFUHDVHWKHFRQWULEXWLRQRI WKHDGYHFWLYHFRPSRQHQW WRWKHLQWHJUDORI WKH
VLPXODWHG57'LVDQGIRU77DQG77UHVSHFWLYHO\
6PDOOWRPHVRVFDOHK\GURG\QDPLFSURFHVVHV
,QYHUVH PRGHOOLQJ DSSHDUV DV RQH RI WKH PRVW HIILFLHQW ZD\V RI FKDUDFWHUL]LQJ WKH FRPSOH[
FRQQHFWLYLW\DQGDUFKLWHFWXUHRIKHWHURJHQHRXVV\VWHPV6RIDUVHYHUDOLQYHUVHPHWKRGVKDYHEHHQ
SURSRVHGIRUWKHDVVHVVPHQWRIIORZSURSHUWLHVKHWHURJHQHLW\LQNDUVW7KH\KDYHEHHQWHVWHGDWWKH
7HUULHXH[SHULPHQWDOVLWH0('<&<66ZLWKLQ612.$5677KHILHOGVLWHLV ORFDWHGLQ WKH/H]
NDUVWEDVLQDERXWNPQRUWKRI0RQWSHOOLHU6RXWKHUQ)UDQFH7KHFDUERQDWHURFNVFRQVLVWPDLQO\
RI -XUDVVLF WR &UHWDFHRXV OLPHVWRQHV $ ZHOOGHYHORSHG NDUVWLF FRQGXLW QHWZRUN LV IRXQG DW WKH
LQWHUIDFHEHWZHHQWKHURFNXQLWV-D]D\HUL1RXVKDEDGLHWDOERUHKROHVDUHGULOOHGZLWKLQD
PîPDUHD)LJWKXVDOORZLQJIRUKLJKUHVROXWLRQK\GUDXOLFWRPRJUDSK\RSHUDWLRQV
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$TXDVL1HZWRQLQYHUVHPHWKRGZDVILUVWDSSOLHGWRWHVWWKHFDSDELOLW\RIWRPRJUDSKLFSXPSLQJWHVW
GDWD WR LGHQWLI\ WKH VWUXFWXUH RI K\GUDXOLF FRQQHFWLYLW\ LQ NDUVW DTXLIHUV :DQJ HW DO 
$OWKRXJKWKHLQYHUWHGWUDQVPLVVLYLW\ILHOGLVKLJKO\GHSHQGHQWRQDSULRUL LQIRUPDWLRQSURYLGHGWR
WKH LQYHUVLRQV WKH DSSURDFK DOORZV WKH FRQQHFWLYLW\ EHWZHHQ WKH PDMRU NDUVW FRQGXLWV WR EH
LGHQWLILHGFRUUHFWO\
7R DGGUHVV WKH LVVXH RI XQLTXHQHVV RI LQYHUVLRQ VROXWLRQV DQG TXDQWLI\ WKH XQFHUWDLQW\ LQ WKH
LQYHUVHGWUDQVPLVVLYLW\ILHOGVDVWRFKDVWLF1HZWRQLQYHUVHPHWKRGZDVSURSRVHGDQGDSSOLHGWRWKH
VDPH ILHOG GDWD VHW :DQJ HW DO  $Q LPSRUWDQW ILQGLQJ LV WKDW WKH VXFFHVV RI LQYHUVH
PRGHOOLQJ LQ NDUVW V\VWHPV VWURQJO\ GHSHQGV RQ ZKHWKHU WKH FRQQHFWLYLW\ EHWZHHQ WKH ERUHKROHV
XVHGLQWKHWRPRJUDSKLFK\GUDXOLFWHVWVLVSUHVHUYHGLQWKHDSULRULPRGHO,QDGGLWLRQWKHQXPEHU
DQGORFDWLRQVRIREVHUYDWLRQERUHKROHVZLWKUHVSHFWWRWKHNDUVWQHWZRUNFRQWUROWKHUHVROXWLRQRIWKH
WRPRJUDPV 7KH LVVXH RI WKH FRPSOH[ VSDWLDO RUJDQL]DWLRQ RI NDUVW FRQGXLWV ZDV DGGUHVVHG E\
SURSRVLQJ DQ LQYHUVH PHWKRG EDVHG RQ WKH SDUDPHWHUL]DWLRQ RI GLVFUHWH IHDWXUHV )LVFKHU HW DO
 7KLV PHWKRG FDOOHG &HOOXODU $XWRPDWDEDVHG'HWHUPLQLVWLF ,QYHUVLRQ &$', GLVWULEXWHV
WKHK\GUDXOLFSURSHUWLHVDORQJ OLQHDU VWUXFWXUHVDQG LWHUDWLYHO\PRGLILHV WKH VWUXFWXUDOJHRPHWU\RI
WKLVFRQGXLWQHWZRUNWRPLQLPL]HWKHGLIIHUHQFHEHWZHHQWKHREVHUYHGDQGPRGHOOHGK\GUDXOLFGDWD
7KLV UHVXOWV LQ WUDQVPLVVLYLW\ ILHOGVJHQHUDWHGE\DGLVFUHWHFRQGXLWQHWZRUNHPEHGGHGZLWKLQ WKH
EDFNJURXQGPDWUL[7KHPHWKRGDOORZVWKHKLHUDUFKLFDOIORZEHKDYLRXUREVHUYHGLQNDUVWV\VWHPVWR
EHDFFRXQWHGIRU8VLQJWKH7HUULHXGDWDVHWWKH&$',PHWKRGJHQHUDWHVDYDULHW\RISRVVLEOHNDUVW
QHWZRUNVWKHJHRPHWULFDOFKDUDFWHULVWLFVRIZKLFKDUHLQDFORVHDJUHHPHQWZLWKWKRVHGHULYHGIURP
SUHYLRXVLQYHUVLRQVDQGGLUHFWILHOGREVHUYDWLRQV
)XUWKHU UHVHDUFK IRFXVHV RQ EHWWHU LGHQWLI\LQJ FURVVERUHKROH FRQQHFWLYLW\ DQG UHSUHVHQWLQJ WKH
VSDWLDO DUUDQJHPHQW RI NDUVW FRQGXLW QHWZRUNV $ KDUPRQLF SXPSLQJ WHFKQLTXH ZDV DSSOLHG
1XPHULFDO KDUPRQLF SXPSLQJ WHVWV ZLWK YDULRXV SXPSLQJ ORFDWLRQV DPSOLWXGHV DQG IUHTXHQFLHV
ZHUH ILUVW VLPXODWHG LQ D V\QWKHWLF KLHUDUFKLFDO QHWZRUN IRUPHG E\ LQWHUFRQQHFWHG IUDFWXUHV DQG
NDUVWFRQGXLWVHPEHGGHGLQDEDFNJURXQGPDWUL[)LVKHUHWDO$VHQVLWLYLW\DQDO\VLVVKRZHG
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WKDW WKH SKDVH RIIVHW RI WKH PRQLWRUHG UHVSRQVHV LQ REVHUYDWLRQ ZHOOV DOORZV WKH GHJUHH RI
FRQQHFWLYLW\ EHWZHHQ VRXUFH DQG PHDVXUHPHQW SRLQWV WR EH LGHQWLILHG 7KH DPSOLWXGH RI WKH
UHVSRQVHSURYLGHV LQIRUPDWLRQ DERXW WKH FRQGXFWLYLW\ RI WKHPDMRU IORZFRQGXLWV )LJ +LJK
IUHTXHQF\ SXPSLQJ WHQGV WR LGHQWLI\ ERUHKROHV GLUHFWO\ FRQQHFWHG WR WKH SXPSLQJ SRLQWV WKURXJK
FRQQHFWLRQVSURYLGHGE\NDUVW FRQGXLWV/RZIUHTXHQF\SXPSLQJ WHQGV WR LGHQWLI\ERUHKROHVZLWK
GXDOFRQQHFWLYLW\SDUWRISURSDJDWLRQRFFXUULQJLQWKHQHWZRUNVSDUWLQWKHPDWUL[WRWKHSXPSLQJ
SRLQW+DUPRQLF SXPSLQJ WHVWV XVLQJ DZLGH UDQJH RI IUHTXHQFLHV LV WKXV KHOSIXO LQPDSSLQJ WKH
KLHUDUFKLFDODUUDQJHPHQWRIIORZIHDWXUHVRIYDULRXVW\SHVLHNDUVWFRQGXLWIUDFWXUHDQGPDWUL[
7KH PHWKRG ZDV DSSOLHG WR WKH 7HUULHX VLWH WR LQIHU WKH VSDWLDO GLVWULEXWLRQ RI WKH PDLQ NDUVW
FKDQQHOV )LJ  7KH UHVXOWVZHUHFRQVLVWHQWZLWK WKRVHGHULYHG IURPDQ LQWHJUDWHGDQDO\VLV RI
JHRORJ\ ERUHKROH ORJJLQJ DQG WRPRJUDSKLF K\GUDXOLF WHVWV +RZHYHU WKH\ ZHUH REWDLQHG DW D
PXFK ORZHUFRVW2QO\PLQXWHVZHUHQHHGHG WRSHUIRUP WKHKDUPRQLF WHVW7KHDSSURDFKZDV
FRXSOHG WR WKH QHZO\ GHYHORSHG &$', PHWKRG DQG DSSOLHG WR WKH 7HUULHX GDWD &RPSDUHG WR
WRPRJUDSKLFLQYHUVLRQVXVLQJFRQVWDQWSXPSLQJUDWHV WKHKDUPRQLFSXPSLQJDSSURDFKUHTXLUHVDW
OHDVWWZRWLPHVDVIHZWHVWV%HVLGHVWKHVHWHVWVDUHDWOHDVWWHQWLPHVDVVKRUWDVFRQVWDQWUDWHWHVWV
7KHUHVROXWLRQRIWKHVRREWDLQHGWRPRJUDPVLVVLPLODUWRWKDWRIFRQVWDQWUDWHWHVWV7KHKDUPRQLF
DSSURDFKFDQWKXVEHH[SHFWHGWRHQKDQFHWKHLQWHUSUHWDWLRQRINDUVWV\VWHPIHDWXUHV

&RQFOXVLRQ
612.$567 LV DQDWLRQDOQHWZRUNRIREVHUYDWRULHVFUHDWHG LQE\ WKH1DWLRQDO ,QVWLWXWH IRU
(DUWK 6FLHQFHV DQG $VWURQRP\ ,168 RI WKH )UHQFK 1DWLRQDO 5HVHDUFK &RXQFLO &156  7KLV
QHWZRUN EHORQJV WR WKH QDWLRQDO GLVWULEXWHG UHVHDUFK LQIUDVWUXFWXUH 2=&$5 &ULWLFDO =RQH
2EVHUYDWRULHV 5HVHDUFK DQG $SSOLFDWLRQ WKDW DVVRFLDWHV PRVW RI WKH )UHQFK REVHUYDWLRQ VLWHV
GHGLFDWHGWRWKHREVHUYDWLRQDQGPRQLWRULQJRIWKH&ULWLFDO=RQHDQGDFWLYHO\FRQWULEXWHVWRDSDQ
(XURSHDQLQIUDVWUXFWXUHLQWHJUDWLQJ/7(5/RQJ7HUP(FRV\VWHP5HVHDUFKDQG&ULWLFDO=RQHDQG
6RFLR(FRORJLFDO5HVHDUFKREVHUYDWRULHVH/7(55,
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7KH 612.$567 QHWZRUN JDWKHUV WKHPDLQPRQLWRUHG NDUVW VLWHV LQ0HWURSROLWDQ )UDQFHZKHUH
ORQJWHUPPHDVXUHPHQWVDUHDYDLODEOH,WVSXUSRVHLVWRPDNHGDWDH[SHULPHQWDOVLWHVDQGPHWKRGV
DYDLODEOH WR WKH VFLHQWLILF FRPPXQLW\ DQG WR GHYHORS D QHWZRUNLQJ H[SHUWLVH LQ NDUVWPRQLWRULQJ
DQG PRGHOOLQJ 7KH YDULRXV VLWHV DUH ZHOOVXLWHG WR VSHFLILF ILHOG H[SHULPHQWV LH VPDOO ZHOO
FRQVWUDLQHG VLWHV ZLWK NQRZQ PDMRU SRLQWVRXUFH UHFKDUJH DQG RXWOHWV KHDYLO\ LQVWUXPHQWHG
NDUVWIUDFWXUHG VLWHV FRPSULVLQJ VHYHUDO ERUHKROHV VLWHV ZLWK SUHIHUHQWLDO DFFHVV WR LQWHQVLYHO\
PRQLWRU YDGRVH DQG HSLNDUVWLF ]RQHV HWF 0HDVXUHPHQWV DUH DYDLODEOH LQ YDULRXV K\GURORJLFDO
FRPSDUWPHQWV VRLOV VXSHUILFLDO FRYHU IRUPDWLRQV HSLNDUVW YDGRVH ]RQH RI GLVWLQFW WKLFNQHVVHV
GULOOLQJLQGXFWVIUDFWXUHVDQGZLWKLQFUDFNHGEORFNV7KHVHFRPSDUWPHQWVH[HUWDNH\LQIOXHQFHRQ
WKHK\GURG\QDPLFDQGWUDQVSRUWSURSHUWLHVRINDUVWV\VWHPV
2ZLQJ WR WKH ZLGH UDQJH RI JHRORJLFDO JHRPRUSKRORJLFDO DQG FOLPDWLF FRQGLWLRQV IRXQG RQ WKH
612.$567VLWHVVSHFLILFUHVHDUFKTXHVWLRQVFDQEHDGGUHVVHG7KH612IHDWXUHVFROODERUDWLRQV
EHWZHHQDQGVXSSRUWE\WKHORFDORSHUDWLQJWHDPV5HVHDUFKTXHVWLRQVLQYROYLQJVLWHDQGGDWDLQWHU
FRPSDULVRQV FDQ EH DOVR DGGUHVVHG 'DWD DQDO\VLV DQG PRGHOOLQJ DSSURDFKHV FDQ EH WHVWHG DQG
GHYHORSHGWKDQNVWRWKHGDWDFROOHFWHGDWWKH612.$567VLWHV
7KH DGGHG YDOXH RI XVLQJ GLIIHUHQW VLWHV ZLWK FRPSOHPHQWDU\ FKDUDFWHULVWLFV LV LOOXVWUDWHG E\ WKH
VWXG\RIWKH1$2UHSRUWHGLQ6HFWLRQ7KHUHFKDUJHDUHDVRIWKH5DGLFDWHO0RXOLV/H%DJHWDQG
/H]FDWFKPHQWVDUHUHVSHFWLYHO\DURXQGDQGNP+RZHYHUWKHILOWHULQJRIWKHFOLPDWLF
FRPSRQHQWLVVLPLODUIRUWKHWKUHHVLWHV
$QXPEHURIHPHUJLQJUHVHDUFKTXHVWLRQVFDQEHLGHQWLILHG
± &RXSOHGPRGHOOLQJRIK\GURG\QDPLFDQGJHRFKHPLFDOSURFHVVHV7KLVTXHVWLRQPD\EH
DGGUHVVHGLQDILUVWVWHSE\GHYHORSLQJWKH.DUVW0RGVWUXFWXUHDOWKRXJKWKLVLVQRWDFRPSXOVRU\
VWHS
± $VVHVVPHQWRIPLQHUDOEDFWHULDLQWHUDFWLRQV7KDQNVWRDOUHDG\DYDLODEOHH[SHUWLVHGDWDDQG
DQDO\WLFDOVHWXSVRIVRPHRSHUDWLQJWHDPVWKHLVVXHVRIURFNZHDWKHULQJZDWHUTXDOLW\DQG
VDQLWDU\LVVXHVHJDQWLRELRUHVLVWDQFHWUDQVIHULQNDUVWZDWHUVFDQEHDGGUHVVHG
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
± ,PSURYLQJNQRZOHGJHRIWKHUHODWLRQVKLSVEHWZHHQWKHVWDWLVWLFDODQGVSHFWUDOLQIRUPDWLRQ
FRQWHQWRIK\GURORJLFDOWLPHVHULHVDQGWKHIORZSURSHUWLHVLQNDUVWZDWHUVKHGV
7KLVODWWHUTXHVWLRQLQSDUWLFXODULVH[SHFWHGWREHQHILWPRVWIURPWKHFRPSOHPHQWDU\FKDUDFWHULVWLFV
RIWKHWHQVLWHVFRPSDULQJWKHUHVSRQVHRIVLWHVZLWKGLIIHUHQWVL]HVDQGFKDUDFWHULVWLFVEXWVXEMHFWHG
WRVLPLODUPHWHRURORJLFDOLQSXWVHJDOO0HGLWHUUDQHDQVLWHVRUDOOFRQWLQHQWDORURFHDQLFVLWHVRU
FDWFKPHQWVZLWK VLPLODU VL]HV DQG VWUXFWXUH EXW VXEMHFWHG WR GLIIHUHQW K\GURORJLFDO UHJLPHV ,W LV
H[SHFWHGWR
EHDNH\VWHSWRZDUGDEHWWHUXQGHUVWDQGLQJRI WKHIXQFWLRQLQJRINDUVWV\VWHPV7KHDGGHGYDOXH
EURXJKW E\ WKH V\QHUJ\ EHWZHHQ WKH YDULRXV VLWHV LV DOVR UHIOHFWHG LQ WKH GHYHORSPHQW RI WKH
.DUVW0RG SODWIRUP WKDW ZDV GHYHORSHG ZLWK WKH REMHFWLYH RI DFKLHYLQJ D JHQHULF SODWIRUP
DSSOLFDEOH WR DOO WKH VLWHV RI WKH 612 .$567 QHWZRUN 6RPH RI WKH PRGHOOLQJ IXQFWLRQDOLWLHV
SURSRVHG LQ WKH PRGXODU SODWIRUP >HJ WKH K\VWHUHWLF GLVFKDUJH ODZ 7ULW] HW DO  DQG WKH
LQILQLWH FKDUDFWHULVWLF WLPH WUDQVIHU IXQFWLRQ *XLQRW HW DO @ZHUH GHYHORSHG VSHFLILFDOO\ WR
DGGUHVVWKHPRGHOOLQJLVVXHVUDLVHGE\DQXPEHURI612.$567VLWHV
/DVWO\ZKLOHDQXPEHURIDQDO\WLFDOWHFKQLTXHVDQGSURWRFROVKDYHEHHQGHYHORSHGRQDORFDOEDVLV
DWVSHFLILFVLWHVLWLVH[SHFWHGWKDWWKHLULPSOHPHQWDWLRQDQGXVHZLOOEHPDGHPRUHV\VWHPDWLFRQ
WKHVFDOHRIWKHHQWLUH612LQWKHIXWXUH
7KHDXWKRUV VKRXOG OLNH WRHQFRXUDJHWKHVFLHQWLILFFRPPXQLW\ WRXVH WKH612.$567GDWDDQG
VLWHVZKHQDGGUHVVLQJQHZUHVHDUFKTXHVWLRQVRUGHYHORSLQJQHZH[SHULPHQWDOGHVLJQV
 
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PRGHOLQJRIWKH6HLQHEDVLQXVLQJWKH6$)5$1,6%$02'&28V\VWHP-RXUQDORI*HRSK\VLFDO5HVHDUFK
'
6OLPDQL60DVVHL10HVTXLWD-9DOGpV')RXUQLHU0/DLJQHO%'XSRQW-3&RPELQHGFOLPDWLFDQGJHRORJLFDO
IRUFLQJV RQ WKH VSDWLRWHPSRUDO YDULDELOLW\ RI SLH]RPHWULF OHYHOV LQ WKH FKDON DTXLIHU RI 8SSHU 1RUPDQG\ )UDQFH DW
SOXULGHFHQQDOVFDOH+\GURJHRO-±
7ULW]6*XLQRW9-RXUGH+0RGHOOLQJWKHEHKDYLRXURIDNDUVWV\VWHPFDWFKPHQWXVLQJQRQOLQHDUK\VWHUHWLFFRQFHSWXDO
PRGHO-+\GURO±
9DOGHV''XSRQW-30DVVHL1/DLJQHO%WDQG5RGHW-,QYHVWLJDWLRQRINDUVWK\GURG\QDPLFVDQGRUJDQL]DWLRQXVLQJ
DXWRFRUUHODWLRQVDQG7>'HOWD@&FXUYHV-RXUQDORI+\GURORJ\
9DOGHV ' 'XSRQW -3 /DLJQHO % 2JLHU 6 DQG /HERXODQJHU 7  $ 6SDWLDO $QDO\VLV RI 6WUXFWXUDO &RQWUROV RQ .DUVW
*URXQG:DWHU*HRFKHPLVWU\DWD5HJLRQDO6FDOH-RXUQDORI+\GURORJ\
:DQJ ; $ -DUGDQL + -RXUGH / /RQHUJDQ - &RVJURYH 2 *RVVHOLQ DQG * 0DVVRQDW  &KDUDFWHUL]DWLRQ RI WKH
WUDQVPLVVLYLW\ILHOGRIDIUDFWXUHGDQGNDUVWLFDTXLIHU6RXWKHUQ)UDQFH$GYDQFHVLQ:DWHU5HVRXUFHV
:DQJ; -DUGDQL$ DQG -RXUGH+ $ K\EULG LQYHUVHPHWKRG IRU K\GUDXOLF WRPRJUDSK\ LQ IUDFWXUHG DQG NDUVWLFPHGLD
-RXUQDORI+\GURORJ\
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
)LJXUH  D /RFDWLRQ RI WKH REVHUYDWRU\ VLWHV WKDW FRPSRVH WKH612.$567 DQG QDPH RI WKH
268V DQG/DE LQ FKDUJH RI WKHLUPRQLWRULQJ E'LYHUVLW\ RI K\GURJHRORJLFDO K\GURORJLFDO DQG
K\GURFKHPLFDOVHWWLQJVRIWKHYDULRXVREVHUYDWRU\VLWHVFLUFOHVL]HLVSURSRUWLRQDOWRWKHFDWFKPHQW
DUHDVHH7DEOHIRUPRUHGHWDLOV

)LJXUH(YROXWLRQRIHOHFWULFDOFRQGXFWLYLW\LQVSULQJVDQGULYHUVLQWKH-XUD0RXQWDLQV&KDUOLHU
HWDO

)LJXUH  &RQFHSWXDO FURVVVHFWLRQ RI D FDUERQDWH PDVVLI ZLWK NDUVW JHQHUDWLRQ LQ IRXU VWHSV
SRO\JHQLF NDUVW QHWZRUN )RU HDFK VWHS D NDUVW SDWWHUQ GHGXFWHG IURP ILHOG JHRPRUSKRORJLFDO
REVHUYDWLRQLVDVVRFLDWHGDQGFDQEHVLPXODWHGDV'NDUVWQHWZRUNXVLQJJHRPHWULFDQGWRSRORJLF
SDUDPHWHUVRUWUDLQLQJLPDJHV:7&$09%/&SDWWHUQVUHIHUWR-RXYHVHWDOFODVVLILFDWLRQ
ZDWHUWDEOHFDYHDQJXODUPD]HYDGRVHEUDQFKZRUNORRSLQJFDYH0RGLILHGIURP-RXYHV

)LJXUH.DUVW0RGSURYLGHVDYDULHW\RIWRROVIRUVLPXODWLRQDQDO\VLVDQGHTXLILQDOLW\DVVHVVPHQW
+HUH VLPXODWLRQ UHVXOWV DUH SURYLGHG WRJHWKHU ZLWK WKHLU FRQILGHQFH LQWHUYDOIRU WKH EHKDYLRXUDO
SDUDPHWHUVHW1DVK6XWFOLIIHHIILFLHQF\KLJKHUWKDQGXULQJFDOLEUDWLRQVWDJHOHIWQRZDUPXS
SHULRGULJKWDRQH\HDUZDUPXSDIWHU0D]]LOOLHWDO

)LJXUH 0RQWKO\DJJUHJDWHG WLPHVHULHV RI VSULQJIORZDW/H%DJHW DQG/H] VLWHV DQGK\GUDXOLF
KHDG DW RXWOHW RI 5DGLFDWHO VLWH %OXH OLQHV DUH WKH ZDYHOHW GHWDLOV REWDLQHG IURPPXOWLUHVROXWLRQ
DQDO\VLVFRUUHVSRQGLQJWRLQWHUDQQXDOORZIUHTXHQF\FRPSRQHQWVZLWKLQHDFKWLPHVHULHV

)LJXUH   6HD/HYHO 3UHVVXUH 6/3 FRPSRVLWHPDSV EDVHG RQa\U a\U DQGa\U ORZ
IUHTXHQF\FRPSRQHQWVRIVSULQJIORZRUZDWHUOHYHODWNDUVWRXWOHWVDEF/H%DJHWVLWHGHI
/H]VLWHJKL5DGLFDWHOVLWH%OXHUHVSUHGVKDGHGDUHDVKLJKOLJKWWKH]RQHVRIEHORZDYHUDJH
6/3UHVSDERYHDYHUDJHZKHQVSULQJIORZRUZDWHUOHYHOLVKLJK

)LJXUH 'DLO\ WXUELGLW\DQGZDWHU OHYHO DW5DGLFDWHO VLWHEHWZHHQ DQG7KHKLJKHVW
DPSOLWXGHWXUELGHYHQWVRFFXUGXULQJLQWHUDQQXDOULVLQJZDWHUOHYHOZLWKLQWKHNDUVWV\VWHPVKRZLQJ
DFOHDULQWHUDQQXDODWPRVSKHULFGULYHQFRQWURORINDUVWUHVSRQVH
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)LJXUH $QQXDOYROXPHRIVLPXODWHGPDWUL[GUDLQDJH WRFRQGXLWQHWZRUNYHUWLFDOJUD\EDUVDW
WKH /H] VLWH DQG LWV ORZIUHTXHQF\ a\U RVFLOODWRU\ FRPSRQHQW VROLG EODFN OLQH H[WUDFWHG E\
ZDYHOHWPXOWLUHVROXWLRQGHFRPSRVLWLRQ

)LJXUH   1RUPDOL]HG VSHFWUDO UHVSRQVHV RI WKH ILYH RSWLFV V\VWHP RI WKH **81 PXOWLVSHFWUDO
IOXRURPHWHUSORWWHGRQDQ([F(PPDWUL[REWDLQHGDWWKH/H]6SULQJRQ6HSWHPEHU%DLOO\
&RPWHHWDO

)LJXUH/RFDOL]DWLRQRIWKH%DJHWNDUVWLFV\VWHPDQGGHVFULSWLRQRIWKHZDWHUVKHGZKLFKOLPLWV
DUHUHSUHVHQWHGE\WKHGDVKHGOLQH7KHLQOHWDQGRXWOHWWUDFHULQMHFWLRQUHFRYHU\DUHORFDWHGLQWKH
XSVWUHDPSDUWRIWKHEDVLQEODFNUHFWDQJOH

)LJXUH'HFRQYROXWLRQRIWKHVLPXODWHGUHVLGHQFHWLPHGLVWULEXWLRQFXUYHEHWZHHQDGYHFWLYHDQG
GLIIXVLYHIORZFRPSRQHQWV

)LJXUH   D 7KH /H] VSULQJ DQG WKH IUDFWXUHG NDUVWLF DTXLIHU UHIHUUHG WR DV WKH /H] DTXLIHU
0('<&<662EVHUYDWRU\ E $HULDO IUDFWXUHPDS RI WKH 7HUULHX H[SHULPHQWDO ILHOG VLWH ORFDO
VFDOHF%RUHKROHVORFDWLRQVRQWKH7HUULHXVLWH7KHFRORXUVIRU333DQG3UHIHUWRWKH
FRORXUVXVHGWRGHVLJQDWHWKHVHERUHKROHVLQ)LJXUH7KHEOXHOLQHLQGLFDWHVFRQGXLWFRQQHFWLYLW\
DVVHVVHG IURP SUHYLRXV LQYHVWLJDWLRQV :DQJ HW DO  7KH ERUHKROHV LQ OLJKW JUH\ZHUH QRW
PHDVXUHGGXULQJWKHKDUPRQLFSXPSLQJWHVWPRGLILHGDIWHU-D]D\HULHWDO

)LJXUH5HJLVWHUHGRVFLOODWRU\UHVSRQVHVIRUHDFKPHDVXUHPHQWERUHKROHIRU WKH7 PLQDQG
7  PLQ SHULRG SXPSLQJ ERUHKROH VLJQDO IXOO OLQHV ZLWK YDULDEOHV DPSOLWXGH DQG SKDVH RIIVHW
YDOXHVLQ33DQG3GRWWHGOLQHV0RGLILHGDIWHU)LVKHUHWDO

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0DLQFKDUDFWHULVWLFVRIWKHREVHUYDWRU\VLWHVKWWS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)LJXUHD/RFDWLRQRIWKHREVHUYDWRU\VLWHVWKDWFRPSRVHWKH612.$567DQGQDPHRIWKH268VDQG
/DELQFKDUJHRIWKHLUPRQLWRULQJE'LYHUVLW\RIK\GURJHRORJLFDOK\GURORJLFDODQGK\GURFKHPLFDOVHWWLQJV
RIWKHYDULRXVREVHUYDWRU\VLWHVFLUFOHVL]HLVSURSRUWLRQDOWRWKHFDWFKPHQWDUHDVHH7DEOHIRUPRUH
GHWDLOV

[PP['3,


Vadose Zone J. Accepted Paper, posted 10/01/2018. doi:10.2136/vzj2018.04.0094
30



)LJXUH(YROXWLRQRIHOHFWULFDOFRQGXFWLYLW\LQVSULQJVDQGULYHUVLQWKH-XUD0RXQWDLQV&KDUOLHUHWDO


[PP['3,


Vadose Zone J. Accepted Paper, posted 10/01/2018. doi:10.2136/vzj2018.04.0094
31



)LJXUH&RQFHSWXDOFURVVVHFWLRQRIDFDUERQDWHPDVVLIZLWKNDUVWJHQHUDWLRQLQIRXUVWHSVSRO\JHQLF
NDUVWQHWZRUN)RUHDFKVWHSDNDUVWSDWWHUQGHGXFWHGIURPILHOGJHRPRUSKRORJLFDOREVHUYDWLRQLV
DVVRFLDWHGDQGFDQEHVLPXODWHGDV'NDUVWQHWZRUNXVLQJJHRPHWULFDQGWRSRORJLFSDUDPHWHUVRUWUDLQLQJ
LPDJHV:7&$09%/&SDWWHUQVUHIHUWR-RXYHVHWDOFODVVLILFDWLRQZDWHUWDEOHFDYHDQJXODUPD]H
YDGRVHEUDQFKZRUNORRSLQJFDYH0RGLILHGIURP-RXYHV
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)LJXUH.DUVW0RGSURYLGHVDYDULHW\RIWRROVIRUVLPXODWLRQDQDO\VLVDQGHTXLILQDOLW\DVVHVVPHQW+HUH
VLPXODWLRQUHVXOWVDUHSURYLGHGWRJHWKHUZLWKWKHLUFRQILGHQFHLQWHUYDOIRUWKHEHKDYLRXUDOSDUDPHWHUVHW
1DVK6XWFOLIIHHIILFLHQF\KLJKHUWKDQGXULQJFDOLEUDWLRQVWDJHOHIWQRZDUPXSSHULRGULJKWDRQH
\HDUZDUPXSDIWHU0D]]LOOLHWDO
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)LJXUH0RQWKO\DJJUHJDWHGWLPHVHULHVRIVSULQJIORZDW/H%DJHWDQG/H]VLWHVDQGK\GUDXOLFKHDGDW
RXWOHWRI5DGLFDWHOVLWH%OXHOLQHVDUHWKHZDYHOHWGHWDLOVREWDLQHGIURPPXOWLUHVROXWLRQDQDO\VLV
FRUUHVSRQGLQJWRLQWHUDQQXDOORZIUHTXHQF\FRPSRQHQWVZLWKLQHDFKWLPHVHULHV
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6/3FRPSRVLWHPDSVEDVHGRQa\Ua\UDQGa\UORZIUHTXHQF\
FRPSRQHQWVRIVSULQJIORZRUZDWHUOHYHODWNDUVWRXWOHWVDEF/H%DJHWVLWHGHI/H]VLWHJKL
5DGLFDWHOVLWH%OXHUHVSUHGVKDGHGDUHDVKLJKOLJKWWKH]RQHVRIEHORZDYHUDJH6/3UHVSDERYH
DYHUDJHZKHQVSULQJIORZRUZDWHUOHYHOLVKLJK
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)LJXUH±'DLO\WXUELGLW\DQGZDWHUOHYHODW5DGLFDWHOVLWHEHWZHHQDQG7KHKLJKHVWDPSOLWXGH
WXUELGHYHQWVRFFXUGXULQJLQWHUDQQXDOULVLQJZDWHUOHYHOZLWKLQWKHNDUVWV\VWHPVKRZLQJDFOHDU
LQWHUDQQXDODWPRVSKHULFGULYHQFRQWURORINDUVWUHVSRQVH
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)LJXUH±$QQXDOYROXPHRIVLPXODWHGPDWUL[GUDLQDJHWRFRQGXLWQHWZRUNYHUWLFDOJUD\EDUVDWWKH/H]
VLWHDQGLWVORZIUHTXHQF\a\URVFLOODWRU\FRPSRQHQWVROLGEODFNOLQHH[WUDFWHGE\ZDYHOHW
PXOWLUHVROXWLRQGHFRPSRVLWLRQ
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)LJXUH1RUPDOL]HGVSHFWUDOUHVSRQVHVRIWKHILYHRSWLFVV\VWHPRIWKH**81PXOWLVSHFWUDOIOXRURPHWHU
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)LJXUH/RFDOL]DWLRQRIWKH%DJHWNDUVWLFV\VWHPDQGGHVFULSWLRQRIWKHZDWHUVKHGZKLFKOLPLWVDUH
UHSUHVHQWHGE\WKHGDVKHGOLQH7KHLQOHWDQGRXWOHWWUDFHULQMHFWLRQUHFRYHU\DUHORFDWHGLQWKHXSVWUHDP
SDUWRIWKHEDVLQ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
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)LJXUHD7KH/H]VSULQJDQGWKHIUDFWXUHGNDUVWLFDTXLIHUUHIHUUHGWRDVWKH/H]DTXLIHU0('<&<66
2EVHUYDWRU\E$HULDOIUDFWXUHPDSRIWKH7HUULHXH[SHULPHQWDOILHOGVLWHORFDOVFDOHF%RUHKROHV
ORFDWLRQVRQWKH7HUULHXVLWH7KHFRORXUVIRU333DQG3UHIHUWRWKHFRORXUVXVHGWRGHVLJQDWH
WKHVHERUHKROHVLQ)LJXUH7KHEOXHOLQHLQGLFDWHVFRQGXLWFRQQHFWLYLW\DVVHVVHGIURPSUHYLRXV
LQYHVWLJDWLRQV:DQJHWDO7KHERUHKROHVLQOLJKWJUH\ZHUHQRWPHDVXUHGGXULQJWKHKDUPRQLF
SXPSLQJWHVWPRGLILHGDIWHU-D]D\HULHWDO
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SHULRGSXPSLQJERUHKROHVLJQDOIXOOOLQHV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